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THE  EFFECT  OF  BORON  UPON  THE  MAGNETIC  AND 

OTHER  PROPERTIES  OF  ELECTROLYTIC  IRON 

MELTED  IN     VACUO. 

I.    Introduction. 

i.  Nature  of  the  JVork  Presented. — In  Bulletin  No.  J2,  published 
by  the  Engineering  Experiment  Station  in  1914,  the  results  of  an  in- 
vestigation of  the  magnetic,  electrical,  and  mechanical  properties  of 
electrolytic  iron  melted  in  vacuo  were  presented.  It  was  shown  that 
the  magnetic  properties  of  such  iron,  as  far  as  permeability  and  hys- 
teresis loss  are  concerned,  are  far  superior  to  any  grade  of  iron  known 
at  that  time.  The  electrical  resistance  of  the  iron,  however,  was  shown 
to  be  comparatively  low,  making  it  unsuitable  for  use  where  eddy- 
current  losses  must  be  kept  down.  Experiments  indicated  further  that 
if  carbon  is  added  to  such  iron,  the  resultant  product,  after  melting  in 
vacuo,  contains  a  less  amount  of  carbon  than  was  added.  The 
conclusion  was  reached  that  there  is  present  in  the  iron  a  sufficient 
amount  of  oxygen  in  the  form  of  iron  oxide  to  oxidize  about  0.3  per 
cent  carbon  to  CO,  or  about  0.4  per  cent  oxygen.  The  object  of  this 
investigation  is,  therefore,  twofold ;  first,  to  reduce  this  iron  oxide  by 
means  of  suitable  deoxidizing  agents  with  the  view  still  further  to 
improve  the  magnetic  quality  of  the  iron,  and  second,  to  determine  the 
effects  of  these  reagents,  when  alloyed  with  the  iron,  upon  the  mag- 
netic and  electrical  properties.  Some  of  the  best  reducing  agents  for 
this  purpose  are  carbon,  boron,  silicon,  and  aluminum. 

It  has  been  shown*  that  boron  as  a  deoxidizer  has  a  very  bene- 
ficial effect  upon  copper  castings,  and  it  was  thought  that  it  might 
possibly  have  a  similar  effect  upon  iron.  The  present  bulletin  gives 
the  results  obtained  by  the  addition  of  boron  to  electrolytic  iron 
melted  in  vacuo.  The  results  obtained  with  the  other  elements 
mentioned  above  will  be  published  later. 

2.  Previous  Researches  on  Iron-Boron  Alloys. — Iron-boron  al- 
loys have,  thus  far,  received  only  slight  attention,  and  as  far  as  can 
be  found,  practically  nothing  has  been  done  to  determine  the  mag- 

*E.    Weintraub:      Cast    Copper    of    High    Electrical    Conductivity.      Trans.    Am.    Electro- 
Chem    Soc,  XVIII,  p.  207,  1910. 
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netic  properties  of  such  alloys.  The  latest  research  in  this  field  is  that 
of  G.  Hannesen*  who  has  made  a  thorough  study  of  iron-boron 
alloys  from  a  chemical  and  metallurgical  point  of  view.  The  alloys 
were  produced  by  melting  Goldschmidt  ferro-boron,  containing  21.13 
per  cent  boron,  with  Krupp  iron,  in  an  atmosphere  of  hydrogen,  and 
alloys  were  obtained  containing  from  o  to  8.5  per  cent  boron.  Alloys 
containing  more  than  7  per  cent  boron  were  so  brittle  that  it  was  al- 
most impossible  to  produce  specimens  from  them.  Hannesen  deter- 
mined all  the  critical  temperature  points  for  the  iron-boron  alloys  from 
the  freezing  temperature  down  to  5000  C.  (see  Fig.  1).  The  one  that 
is  of  particular  interest  here  is  the  point  at  which  the  y  iron  changes 
into  (3  iron.  This  transformation  point  was  found  to  decrease  from 
about  8950  for  pure  iron  to  7100  C  for  all  alloys  containing  more 
than  0.8  per  cent  boron.  With  regard  to  the  crystallization  of  iron- 
boron  alloys  he  found  that  8-iron  crystallizes  out  first,  until  the  solu- 
tion contains  1.38  per  cent  boron,  then  y-iron  until  the  concentration 
has  reached  4  per  cent  boron,  and  finally  the  compound  Fe-,B2,  com- 
pleting the  freezing.  The  latter  is  the  eutectic  of  the  iron-boron 
alloys,  named  boron-pearlite,  and  its  freezing  point  was  found  to  be 
1  [64 °  qz  6°  C.  By  means  of  a  compass  needle  Hannesen  found  that 
all  the  alloys  tested  were  ferro-magnetic  both  in  the  annealed  and 
quenched  state. 


Boron  -  percent 

Fig.   1.     Equilibrium   Diagram  for  Iron-Boron   Alloys    (Hannesen). 

*Zeitschr.  Anorg.  Chemie.  89,  p.  257,  Nov.  5,  1914.  ("lives  history  of  researches  on  iron- 
boron    alloys,   also  a  number  of  references. 

This  valuable  article  was  received  after  the  present  bulletin  had  gone  to  press,  which 
accounts   for  the  few  references  that  have  been  made  to  it. 
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3.  Review  of  Experiments. — Doubly  refined  electrolytic  iron, 
containing  .006  per  cent  carbon  and  0.1  per  cent  silicon,  was 
used  in  the  investigation.  Before  melting  it  was  thoroughly 
cleaned  by  means  of  HC1,  distilled  water,  and  alcohol.  The 
crucibles,  holding  500  to  600  grains  of  crushed  iron,  were  made 
from  fused  magnesia.  The  melting  was  done  in  a  vacuum  fur- 
nace of  the  Arsem  type,  in  which  a  pressure  of  from  2  to  5  mm.  of 
mercury  was  maintained  during  the  melting  of  the  iron.  After  the 
iron  had  cooled  in  the  furnace  it  was  removed  from  the  crucible,  re- 
heated in  a  forge  to  ordinary  forging  temperature,  and  forged  under  a 
steam  hammer  into  rods  V2  in. (1.25  cm.)  in  diameter  and  20  in.(  50  cm.) 
long.  From  these  rods  the  following  test  pieces  were  prepared  :  one 
magnetic  test  piece  .392  in  (.996  cm.)  in  diameter  and  14  in.  (35.5  cm.) 
long,  two  mechanical  test  pieces,  one  specimen  for  critical  temperature 
investigation,  and  one  for  the  study  of  the  microstructure.  The  anneal- 
ing was  done  in  a  Hoskins  type  resistor  furnace.  A  platinum-plati- 
num -f-  10%  rhodium  thermo-couple  was  used  to  measure  the  tem- 
perature. The  temperature-time  cooling  curves  were  straight  lines 
connecting  9000  and  2000  C,  and  the  cooling  between  these  tempera- 
tures was  accomplished  usually  in  24  hours  although  in  some  cases  it 
extended  over  48  hours.  The  magnetic  tests  were  made  by  the  com- 
pensated double  bar  and  yoke  method,  recommended  by  the  Bureau  of 
Standards,  in  connection  with  a  Grassot  fluxmeter.  Measurements 
made  with  this  apparatus  checked  very  well  with  the  measurements 
made  upon  bars  submitted  to  the  Bureau  of  Standards  for  calibration, 
and  also  with  measurements  made  by  the  calibration  laboratories  of 
some  of  the  largest  manufacturing  companies.  The  electrical  resist- 
ance was  measured  on  a  Thompson  double  bridge.  Photomicrographs 
were  taken  after  the  various  heat  treatments  on  an  inverted  metallur- 
gical microscope,  and  critical  temperature  determinations  were  made 
for  most  of  the  specimens  by  uniformly  cooling  a  small  specimen  from 
10000  C.  in  a  Hoskins  muffle  furnace  and  observing  the  time  elapsing 
for  each  io°  temperature  interval. 

4.  Summary  and  Conclusions  Drawn  from  the  Previous  Investi- 
gation.— The  investigation  recorded  in  the  earlier  bulletin  was  sum- 
marized as  follows : 

1.  Pure  iron  melted  in  an  atmosphere  of  carbon  monoxide  under 
atmospheric  pressure  will  absorb  both  carbon  and  oxygen  with  the 
result  that  the  iron  thus  produced  is  of  an  inferior  magnetic  quality. 

2.  Low  carbon  iron,  containing  from  0.1  to  0.5  per  cent  carbon, 
melted  in  vacuo  will  lose  50  to  90  per  cent  of  the  original  carbon  content. 
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3.  The  magnetic  quality  of  electrolytic  iron  melted  in  vacuo  is 
decidedly  superior  to  any  grade  of  iron  thus  far  produced,  the  maxi- 
mum permeability  obtained  being  19,000  at  a  flux  density  of  9,500 
gausses.  The  average  hysteresis  loss  obtained  is  less  than  50  per  cent 
of  that  found  in  the  best  grades  of  commercial  transformer  iron. 

4.  The  specific  electrical  resistance  of  pure  iron  melted  in  vacuo 
is  9.96  microhms. 

5.  Swedish  charcoal  iron  melted  in  vacuo  has  a  magnetic  quality 
approximating  that  of  electrolytic  iron  melted  in  vacuo,  due  chiefly  to 
the  reduction  of  the  carbon  content. 

From  these  facts  it  appears  that  a  superior  quality  of  iron  for 
magnetic  purposes  may  be  obtained  by  melting  electrolytic  iron  in 
vacuo.  While  the  electrical  resistance  of  the  iron  thus  obtained  is 
very  low,  this  defect  may  be  remedied  by  the  addition  of  such  alloying 
elements  as  silicon  or  aluminum,  elements  that  are  known  to  increase 
the  electrical  resistance  very  materially  without  affecting  the  magnetic 
quality  to  any  large  extent.  Experiments  are  now  under  way  for  de- 
termining the  effect  of  such  alloying  elements,  and  the  results  will  be 
published  at  some  later  date. 

II.    Alloying  Materials. 

The  boron  was  added  to  the  iron  in  either  of  two  forms :  one 
known  commercially  as  "boron  suboxide"  of  the  formula  B70,  and  the 
other  as  "boron  suboxide  flux"  containing  about  8  per  cent  B70,  the 
remainder  being  magnesium  borate  and  boric  anhydride.  These  boron 
products  were  developed  by  Dr.  E.  Weintraub*  and  the  boron  sub- 
oxide used  in  this  investigation  was  obtained  through  his  courtesy. 

The  chemical  analysis  of  the  suboxide  shows  that  it  contains  82.68 
per  cent  boron,  giving  99.86  per  cent  B70,  so  that  for  the  present  pur- 
pose it  may  be  assumed  that  the  material  is  pure  B70.  If  it  be  further 
assumed  that  when  this  substance  is  heated  it  will  decompose  as 
follows : 

3  B70  =  B2Os  +  19B, 

then  75  per  cent  active  boron  remains  for  the  reduction  of  iron  oxide. 
The  boron  suboxide  flux  was  found  to  contain  20.32  per  cent 
boron,  but  as  already  stated,  part  of  this  is  in  an  inactive  form.  It  was 
not  analysed  for  B70,  but  using  Dr.  Weintraub's  figure,  namely  8  per 
cent,  this  material  should  contain  6  per  cent  active  boron. 

*Trans.   Am.   Electro-Chem.  Soc.  XVI.  p.   165   (1909). 
Trans.  Am.  Electro-Chem.  Soc.  XVIII,  p.  207   (1910). 
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A  special  investigation  was  made  to  determine  the  most  suitable 
method  of  chemical  analysis  for  such  small  quantities  of  boron  as 
existed  in  the  specimens.  A  description  of  this  investigation  and  the 
method  finally  adopted  will  be  found  in  the  Appendix. 

III.    Results. 

The  results  of  the  investigation  are  presented  in  the  following 
figures  and  tables. 

The  magnetic  and  electrical  properties  for  the  B70  series  and  the 
B70-flux  series  are  shown  graphically  in  Figs.  2a,  2b,  and  3.  The  me- 
chanical properties  of  the  B70  series  are  shown  in  Fig.  4.  Table  1 
gives  the  chemical  analysis  for  boron  for  all  of  the  specimens,  and 
Figs.  5  to  24  inclusive  are  photomicrographs  of  a  few  of  the  specimens 
after  various  heat  treatments. 

Table  i. 
Boron  Analysis. 


, 

B70 

B70  Flux 

Active 

Boron  Content 

Boron 

Oxygen 

Specimen 

Added 

Added 

Boron 

as  per  Chem. 

Lost 

Absorbed 

Xo. 

per  cent 

per  cent 

Added 
per  cent 

Anal, 
per  cent 

per  cent 

per  cent 

3B  59 

.01 

.0075 

Trace* 

.0000 

.0000 

3B  45 

.02 

.0150 

1 

.0050 

.0110 

3B  60 

.03 

.0225 

< 

.0125 

.0275 

3B  46 

.04 

.0300 

1 

.0200 

.0440 

3B  61 

.05 

.0375 

< 

.0275 

.0605 

3B  47 

.06 

.0450 

" 

.0350 

.0770 

3B  62 

.07 

.0525 

< 

.0425 

.0935 

3B  48 

.08 

.0600 

' 

.0500 

.1100 

3B  49 

.10 

.0750 

<< 

.0650 

.1340 

3B  50 

.12 

.0900 

.020 

.0700 

.1540 

3B  51 

.14 

.1050 

.032 

.0730 

.1600 

3B  52 

.16 

.1200 

.039 

.0810 

.1780 

3B  53 

.18 

.1350 

.037 

.0980 

.2160 

3B  54 

.20 

.1500 

.041 

.1090 

.2400 

3B  55 

.25 

.1875 

.056 

.1315 

.2900 

3B  56 

.30 

.2250 

.080 

.1450 

.3200 

3B  57 

.40 

.3000 

.102 

.1980 

.4350 

3B  58 

.50 

.3750 

.180 

.1950 

.4300 

3B  34 

.10 

.006 

Trace* 

.0000 

.0000 

3B  33 

.25 

.015 

" 

.0050 

.0110 

3B  35 

.75 

.045 

.020 

.0250 

.0550 

3B  36 

1.00 

.060 

.020 

.0400 

.0880 

3B  37 

1.50 

.090 

.070 

.0200 

.0440 

3B  38 

2.00 

.120 

.076 

.0440 

.0970 

3B  39 

2.50 

.150 

.086 

.0640 

.1400 

3B  40 

3.00 

.180 

.080 

.1000 

.2200 

3B  41 

4.00 

.240 

.095 

.1450 

.3200 

3B  42 

5.00 

.300 

.130 

.1700 

.3750 

3B  43 

6.00 

.360 

.250 

.1100 

.2400 

3B  44 

10.00 

.600 

.450 

.1500 

.3300 

♦Trace  is   considered   as    .01%   in  the  computations   for   the   next  column. 
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Fig.  2a.     Magnetic  and  Electrical  Properties  of  Iron-Boron  Alloys. 

BtO  Series. 
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Fig.  2b.    Magnetic  and  Electrical  Properties  of  Iron-Boron  Alloys. 

BiO  Series. 


IO 


ILLINOIS  ENGINEERING  EXPERIMENT  STATION 


si 


3  4  5  6  7 

%  Boron  Subox/de  F/ux  added 


Fig.  3.     Magnetic  and  Electrical  Properties  of  Iron-Boron  Alloys. 

BtO-Flux   Series. 
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Fig.  4.     Mechanical  Properties,  BtO  Series. 
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IV.  Discussion  of  Results. 
It  was  mentioned  in  the  introduction  that  in  spite  of  the  careful 
cleaning,  the  iron  evidently  contained  some  iron  oxide  that  alloyed 
with  the  iron  upon  .melting,  and  that  a  certain  amount  of  a  reducing 
substance  had  to  be  added  to  rid  the  product  of  the  oxide.  Table  2, 
taken  from  Bulletin  No.  72,  shows  the  results  obtained  when  carbon 
was  used  as  a  reducing  agent. 

Table  2. 
Carbon  Anyalysis. 


Specimen  Xo. 

Carbon  Added 
per    cent 

Carbon     Content 

as     per     .Chem. 

Anal. 

per  cent 

Carbon  Lost 
per  cent 

Equiv.   Amount  of 

Oxygen     Absorbed 

per   cent 

3C01 
3C02 
3C03 

.05 
.10 
.50 

.013 
.012 
.181 

•     .037 
.088 
.319 

.049 
.117 
.420 

The  equivalent  amount  of  oxygen  absorbed  is  calculated  on  the 
basis  of  the  reaction. 

C  +  FeO^CO  +  Fe  (1) 

Table  2  shows  that  the  reaction,  when  the  carbon  content  is  above 
.01  per  cent,  takes  place  from  left  to  right  as  long  as  there  is  any 
FeO  left  to  oxidize  the  carbon.  As  was  shown  in  Bulletin  No.  72,  the 
final  carbon  content  depends  not  only  upon  the  relative  amounts  of 
carbon  and  FeO  present,  but  also  upon  the  pressure  under  which  the 
iron  is  melted.  If  the  amount  of  carbon  added  is  more  than  sufficient 
to  reduce  the  FeO  present,  the  remainder  will  combine  with  the  iron. 
Thus  when  0.5  per  cent  carbon  was  added,  the  carbon  content  of  the 
finished  product  was  found  to  be  .181  per  cent.  In  that  case  .319  per 
cent  carbon  was  oxidized,  corresponding  to  .42  per  cent  oxygen.  If 
.319  per  cent  carbon  had  been  added  the  result  would  probably  have 
been  a  product  containing  approximately  .01  per  cent  carbon  and  free 
from  FeO. 

Table  1  shows  that  similar  deductions  can  be  made  from  the 
present  investigation.  The  amount  of  boron  lost  increases  with  the 
amount  added  up  to  about  0.3  per  cent  of  active  boron  added.  In  the 
last  case — considering  the  B70  series — the  amount  of  boron  lost  is 
about  0.2  per  cent.  If  it  be  assumed  that  the  boron  is  oxidized 
according  to  the  reaction 


2B  +  3FeO  =  B2Os  +  3Fe 


(2) 


/*- 
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Fig.  5-     3-39A  x  40. 
As   Forged. 


Fig.  6.     3-39B  x  40. 
Annealed  at  68o°  C. 


Fig-  7-    3-39  D  and  E,  x  40. 
Annealed  at  900  and  9500  C. 


Fig.  8.  3-39S  x  40. 
Annealed  at  9000  C. 
Cooled  in  48  Hours. 


Photomicrographs    of    Electrolytic    Iron    Melted    in    Vacuo,    Showing 
Structure  After  Various  Heat  Treatments.    Etched  by  Picric  Acid. 


Fig.  9.     3B49A  x  40. 

As  Forged. 
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Fig.  11.     3B49D  x  40. 
Annealed  at  8oo°  C. 
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Fig.  10.    3B49  B  and  C,  x  40. 
Annealed  at  5300  and  700  °  C. 


Fig.  12.     3B49E  x  40. 
Annealed  at  906°  C. 


Fig.  13.    3B49F  x  40. 
Annealed  at  953°   C. 


Fig.  14.  3B49J  x  40. 
Annealed  at  9000  C. 
Cooled  in  24  Hours. 


Structure  after  Various  Heat  Treatments.  Electrolytic  Iron  with 
0.1%  B7O  Added.  Melted  in  Vacuo.  Chemical  Analysis  Gave  a  Boron  Con- 
tent of  Less  than  .02%.    Etched  by  Picric  Acid. 


Fig.  15.     3B33  x  40. 

.237c  B-O-Flux  Added. 

Chemical  Analysis  Gives  :  B-Trace. 


/~?h 


Fig.  17.     3B59  x  40. 

.01 7c   B:0  Added. 

Chemical  Analysis  Gives  :  B-Trace. 


Fig.   16.     3B38  x  40. 

27c    BtO-FIux    Added. 

Chemical  Analysis  Gives:  B-.0/67c 


Fig.  18.     3B61  x  40. 

.05r/r   B;0  Added. 

Chemical  Analysis  Gives  :  B-Trace. 


Fig.  19.     3B48  x  40.  Fig.  20.     3B57  x  40. 

.oS7c  B;0  Added.  Q-4%    BtO  Added. 

Chemical  Analysis  Gives  :  B-Trace.  Chemical    Analysis    Gives  :    B-.i02%. 

Structure  of  Electrolytic  Iron  with  BtO  or  BtO-Flux  Added.     Melted 

in  Vacuo.     Annealed  at  9000  C.    Cooled  to  2000  C  in  24  Hours  According  to 

a  Straight  Line.    Etched  by  Picric  Acid. 


•V 


Fig.  2i.     3B59  x  40. 

.01  %    B-.O  Added. 

Chemical  Analysis  Gives:  B-Trace. 


'/■     i 


Fig.  22.     3B61  x  40. 

.05%  B;0  Added. 

Chemical  Analysis  Gives :  B-Trace. 


■ 
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Fig.  23.     3B56  x  40. 

0.3%  B-0  Added. 

Chemical  Analysis  Gives:   B-.o8%: 


** 
£-•' 


Fig.  24.     3B58  x  40. 

0.5%  BtO  Added. 

Chemical   Analysis    Gives:    B-.i8o%. 


Structure  of  Electrolytic  Iron  with  BtO  Added.  Melted  in  Vacuo. 
Annealed  at  iioo°  C.  Cooled  from  9000  to  2000  C.  in  24  Hours  According 
to  a  Straight  Line.     Etched  by  Picric  Acid. 
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the  amount  of  oxygen  absorbed  corresponding  to  0.2  per  cent  boron 
is  .44  per  cent.  This  result  agrees  very  well  with  that  shown  in  Table 
2,  namely  .42  per  cent  oxygen.  In  the  case  of  the  B70-flux  series  the 
agreement  is  not  as  close,  the  calculated  oxygen  content  being  from 
.33  to  .375  per  cent.  It  should  be  remembered,  however,  that  the 
latter  values  are  based  upon  the  assumption  that  the  B70  content  of 
the  flux  is  8  per  cent,  and  this  may  or  may  not  be  exact.  By  comparing 
Table  1  with  Table  2  another  interesting  deduction  may  be  made.  In 
the  case  of  carbon,  practically  none  of  this  element  is  absorbed  by 
the  iron  until  the  FeO  has  been  reduced.  In  the  case  of  boron,  how- 
ever, it  is  seen  that  while  a  large  portion  of  it  is  oxidized,  some  of  it 
combines  with  the  iron,  even  though  all  the  FeO  is  not  reduced. 
Boron  can  consequently  not  be  used  as  a  reducing  agent  for  iron  with- 
out having  a  portion  of  it  combine  wTith  the  iron.  The  question  then 
arises  as  to  the  effect  of  the  combined  boron  upon  the  properties  of 
the  iron. 

The  effect  of  boron  upon  the  magnetic  and  electrical  properties 
of  iron  is  shown  in  Figs.  2a,  2b,  and  3.  It  is  clearly  seen  that  with  an 
increase  of  the  amount  of  boron  added — whether  in  the  form  of  B70  or 
B70-flux — the  electrical  resistance,  the  hysteresis  loss,  the  coercive 
force,  and  the  retentivity,  all  decrease  slightly,  until  the 
amount  of  combined  boron  becomes  measurable,  when  all  these  quan- 
tities begin  to  increase.  Evidently  then,  boron  has  a  deteriorating  effect 
upon  the  magnetic  quality  of  the  iron.  The  beneficial  effect  for  very 
small  additions  of  boron  must  be  attributed  to  the  slight  reduction  of 
FeO  offsetting  the  effect  of  the  boron  absorbed  by  the  iron.  While  the 
increase  in  the  electrical  resistance  of  the  iron  is  highly  desirable  for 
magnetic  purposes,  the  increase  obtained  is  altogether  insufficient  to 
offset  the  decreased  magnetic  quality. 

The  effect  of  boron  upon  the  mechanical  properties  of  iron  is 
shown  in  Fig.  4.  The  curves  have  in  general  the  same  shape  as  those 
shown  in  Figs.  2a,  2b,  and  3  and  serve  to  confirm  the  deduction  already 
made.  They  show,  furthermore,  that  annealing  has  a  marked  soften- 
ing effect  upon  the  alloys. 

In  general,  it  may  be  said  that  boron,  when  entering  into  combina- 
tion with  pure  iron,  has  a  similar  effect  upon  the  properties  of  the 
iron  as  has  carbon.  Both  elements  increase  the  electrical  resistance 
and  the  hysteresis  loss,  and  decrease  the  permeability;  furthermore, 
they  both  increase  the  mechanical  strength  of  the  iron.  Their  dis- 
similarity appears  in  their  relative  affinity  for  oxygen  and  molten  iron 
in  vacuo.  While  the  iron  will  not  combine  with  carbon  until  all 
the  iron  oxide  is  reduced,  boron  will  be  absorbed  by  iron  and  oxygen 
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in  the  ratio  of  approximately  i  to  2.     Consequently  boron  is  not  as 
suitable  as  a  reducing  agent  for  iron  as  is  carbon. 

With  regard  to  the  increase  in  the  electrical  resistance  of  iron 
due  to  boron — and  to  carbon  as  well — it  is  interesting  to  note  jthat 
the  results  obtained  in  this  investigation  do  not  agree  with  the  law 
suggested  by  Barrett*,  and  referred  to  in  Bulletin  No.  72,  that  "1  per 
cent  of  any  element  added  to  pure  iron  increases  its  specific  resistance 
by  an  amount  approximately  proportional  to  the  specific  heat  or 
inversely  proportional  to  the  atomic  weight  of  the  alloying  element". 
To  facilitate  comparison,  the  table  due  to  Barrett  is  repeated  here. 

*Proc.  Royal  Soc.  69,  p.  480,  1902. 

Table  3. 

Effect  of  Different  Elements  Upon  the  Electrical  Resistance 

of  Pure  Iron.     (From  Barrett.) 


Alloy  of  Iron  with 


Increase    in    Spec. 

Resist,   for   1% 
Added  of  Element 

of  Col.   1 

microhms 


2.0 
3.0 
3.5 
5.0 
5.0 
8.0 
13.0 
14.0 


Spec.  Heat  of 
Alloying  Element 


.035 

.107 

.109 

.100(?) 

.160* 

.122 

.183 

.212 


Atomic   Weight  of 
Alloying  Element 


184 
59 
59 
52 
12 
55 
28 
27 


Tungsten 

Cobalt 

Nickel 

Cromium 

Carbon 

Manganese 

Silicon 

Aluminum 

*For  graphite. 

The  present  investigation  gives  the  following  results : 

Table  4. 
Effect  of  Boron  and  Carbon  Upon  the  Electrical  Resistance 

of  Pure  Iron. 


Alloy  of  Iron  with 

Increase    in    Spec. 
Resist,    for    1    Per 
Cent    of    Element 
of  Col.  1  combined 
with  the   Iron 
microhms 

Specific  Heat  of 
Alloying  Element 

Atomic  Weight  of 
Alloying  Element 

Boron  ..            

6.2 
13.3 

.238* 
.132t 

11.0 

Carbon  (Bull.  No.  72) 

12.0 

♦At   30°  C.     fGraphite. 
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According  to  Barrett's  law  boron  should  increase  the  resistance 
of  iron  by  20  microhms  or  more.  However,  it  is  well  known  that 
boron  and  carbon  are  exceptions  to  Dulong  and  Petit's  law,  stating  that 
"the  product  of  the  specific  heat  and  atomic  weight  of  solid  metals 
is  nearly  constant,"  so  that  it  is  not  surprising  to  find  that  these  same 
elements  can  not  be  included  in  laws  based  upon  the  specific  heat  and 
atomic  weight. 

The  results  of  the  magnetic  tests  of  the  iron  in  the  forged  state, 
that  is,  before  annealing,  have  not  been  shown  in  this  bulletin,  for  the 
reason  that  the  iron  in  such  a  state  is  not  comparable  in  quality  with 
the  same  iron  after  it  has  been  annealed.  This  was  shown  in  Bulletin 
No.  72.  As  to  the  best  annealing  temperature  it  was  also  shown  that 
this  lies  at  or  above  9000  C.  Some  uncertainty  was  expressed  as  to 
the  desirability  of  annealing  at  11000  C.  Referring  to  Figs.  2a  and  2b 
it  will  be  seen  that  this  uncertainty  has  now  been  removed.  It  is  seen 
that  the  magnetic  quality  of  the  iron  after  having  been  annealed  at 
1  ioo°  C.  is  superior  in  every  respect  to  what  it  was  after  having  been 
annealed  at  9000  C.  The  induction  at  high  densities  does  not  appear  to 
have  suffered  from  the  treatment,  as  was  the  case  with  some  of  the 
iron  described  in  the  previous  bulletin. 

The  best  results,  magnetically,  appear  to  have  been  obtained  with 
additions  of  about  .05  per  cent  B70  or  0.4  per  cent  B70-fTux.  In 
Table  5  these  results  are  tabulated  together  with  some  exceptional 
values  obtained,  which  fall  outside  the  curves  of  Figs.  2a,  2b,  and  3. 
For  the  sake  of  comparison  the  corresponding  values  for  a  commercial 
4  per  cent  silicon  steel  have  been  included.     This  steel  was  obtained 

Table  5. 
Iron — Boron  Alloys. 
Best  Results  Obtained  Compared  with  Commercial  Iron. 


Spec.   Elec.   Resist,    at   20:>C. — microhms... 
Hyst.   Loss  for  Bmax=10000 — ergs  per  cc 

per   cycle   

Hyst.   Loss  for  Bmax=15000— ergs  per  cc 

per   cycle   

Coercive   Force   for    Bmax=10000 — gilberts 

per  cm 

Coercive   Force    for   Bmax=15000 — gilberts 

per  cm 

Retentivity    for    Bmax=10000 — gausses 
Retentivity   for    Bmax=15000 — gausses 

Max.  Permeability,  A— tt 


H 

Densitv    for   max.    Permeability — gausses.. 

Induction,    B,    for   H=l — gausses 

Induction,  B,  for  H=20 — gausses 


.05%     B70 
added 


970 

1680 

.31 

.33 
8100 
9400 

15300 

7000 
12000 
16200 


4%B70-Flux 
added 


9.92 

870 

1450 

.31 

.31 

8700 

10800 

17300 

9000 
13200 
16300 


Exceptional 
Values  obt'd. 


1380 
.28 

.28 

7700 


22300 

10500 
14020 
16500 


Commercial 

4%  Silicon 

Steel 


51.15 
2260 
3030 


5400 
5400 

3400 

4300 

3200 

15600 
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from  the  manufacturer  in  the  form  of  bars  suitable  for  the  permea- 
meter,  and  had  received  the  manufacturer's  standard  heat  treatment. 
It  is  supposed  to  represent  at  the  present  time  high  grade  iron  for 
magnetic  purposes. 

The  photomicrographs,  Figs.  5  to  24  inclusive,  show  how  boron 
affects  the  structure  of  the  iron.  Comparing  first  Figs.  5  to  8,  repre- 
senting a  pure  electrolytic  iron  sample,  with  Figs.  9  to  14,  representing 
iron  with  a  trace  of  boron,  both  having  been  treated  approximately 
alike,  the  differences  are.  very  evident.  As  forged,  the  boron  iron  has 
a  decidedly  finer  structure  than  the  pure  iron;  but  as  the  annealing 
temperature  increases,  the  crystals  grow  in  size,  so  that  after 
having  been  annealed  at  9000  C.  they  are  about  half  the  size  of  the 
pure  iron  crystals.  The  size  of  the  latter  is  practically  unaffected 
by  the  heat  treatment  until  the  iron  is  annealed  above  9000.  Above 
9000  both  the  pure  iron  and  the  boron-iron  crystals  appear  to  break 
up  into  smaller  crystals,  as  may  also  be  seen  by  comparing  Figs. 
15  to  20,  representing  boron-iron  annealed  at  9000,  with  Figs.  21  to  24, 
representing  boron-iron,  annealed  at  11000  C.  The  amount  of  boron 
does  not  seem  to  affect  the  size  of  the  crystals  to  any  considerable 
extent  after  the  iron  has  been  annealed  at  9000  or  above,  unless  the 
boron  content  is  above  0.1  per  cent.  Fig.  24,  representing  an  alloy 
containing  .18  per  cent  boron,  shows  a  much  smaller  crystalline  struc- 
ture than  the  rest  of  the  figures. 

Fig.  24  is  also  the  only  one  that  indicates  definitely  the  presence  of 
boron.  Hannesen  has  shown,  in  the  article  referred  to  in  the  intro- 
duction, that  boron  in  iron-boron  alloys  appears  in  a  eutectic,  contain- 
ing 4  per  cent  boron,  as  dull  crystals  of  the  compound  Fe5B2  against 
a  background  of  bright  ferrite  crystals.  The  case  is  similar  to  that  of 
iron-carbon  alloys  in  which  carbon  appears  in  a  eutectoid,  containing 
0.9  per  cent  carbon,  as  dark  strata  of  Fe3C  among  strata  of  ferrite. 
His  lowest  boron  alloy,  containing  .25  per  cent  boron,  has  the  same 
appearance  as  Fig.  24,  representing  an  alloy  containing  .18  per  cent 
boron,  and  it  is  probable  that  the  dark  spots,  under  a  high  magnifica- 
tion, would  reveal  strata  of  Fe5B2  and  ferrite. 

V.     Summary  and  Conclusions. 

The  results  recorded  in  this  bulletin  may  be  summarized  as  follows : 

I.     Small  percentages  of  boron  added  to  pure  iron  and  melted  in 

vacuo  have  a  double  effect  upon  the  iron,  since  part  of  it  reduces  the 

iron  oxide  present  and  the  remainder  combines  with  the  iron.     In  this 

respect  boron  differs  from  carbon,  as  the  latter  does  not  combine  with 
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the  iron  unless  added  in  larger  quantities  than  are  needed  to  reduce  all 
the  iron  oxide  present. 

2.  Small  additions  of  boron  to  iron  have  a  slightly  beneficial  effect 
upon  the  magnetic  properties,  probably  on  account  of  the  reduction  of 
iron  oxide  which  more  than  offsets  the  effect  of  the  combined  boron. 
The  beneficial  effect  in  the  present  case  reaches  a  maximum  with  addi- 
tions of  .05  per  cent  B-0  or  0.4  per  cent  B70-flux,  and  ceases  as  soon 
as  the  amount  of  combined  boron  becomes  measurable,  which  occurs 
with  the  addition  of  0.1  per  cent  B70  or  .75  per  cent  B70-flux. 

3.  Boron  added  in  a  sufficient  amount  to  leave  a  measurable 
quantity  combined  with  the  iron  has  a  decidedly  detrimental  effect 
upon  the  magnetic  properties  of  the  iron. 

4.  Boron  increases  the  specific  electrical  resistance  of  iron  by  .62 
microhms  per  0.1  per  cent  boron  combined  with  the  iron. 

5.  The  effect  of  boron  upon  the  mechanical  properties  of  iron  is 
in  general  similar  to  that  of  carbon.  It  raises  the  elastic  limit  and 
increases  the  ultimate  strength,  at  the  same  time  decreasing  the  tough- 
ness. 

Since  the  autumn  of  1914  the  investigations  of  the  properties  of 
iron  and  iron  alloys  have  been  carried  on  under  somewhat  modified 
conditions.  In  particular  it  may  be  noted  that  the  pressure  under 
which  the  iron  is  molten  has  been  reduced  from  2-5  mm.  of  mercury 
to  about  0.5  mm.  and  that  the  annealing  is  being  carried  on  in  a 
vacuum  of  0.2  mm.  Furthermore,  the  apparatus  for  measuring  the 
magnetic  and  electrical  properties  has  been  improved,  so  that  a  higher 
accuracy  is  obtained  than  has  been  possible  heretofore.  The  results 
of  the  investigations  now  being  carried  on  will  probably  be  ready  for 
publication  before  the  end  of  the  year. 

In  conclusion  the  author  wishes  to  express  his  appreciation  of 
the  conscientious  work  done  by  Mr.  J.  M.  Lindgren  in  connection  with 
the  chemical  analysis,  and  by  Mr.  Rudolph  McDermet  in  connection 
with  the  metallurgical  analysis.  Air.  J.  H.  Belt  has  also  rendered 
valuable  assistance. 
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APPENDIX. 

The  Determination  of  Boron  in  Iron. 
(By  J.  M.  Lindgren.) 

The  present  work  has  had  to  deal  with  the  determination  of  small 
percentages  of  boron  in  iron.  Two  procedures  have  been  tried.  First, 
the  well  known  method  of  Gooch*,  which  consists  in  the  formation  of 
methyl  borate  and  distilling  the  same  in  a  properly  arranged  apparatus, 
recovering  the  boron  in  the  form  of  calcium  borate.  The  complica- 
tions involved  in  this  method  are  accentuated  by  reason  of  the  large 
quantity  of  iron  oxide  and  the  difficulty  of  complete  distillation,  requir- 
ing a  repetition  of  that  part  of  the  process  at  least  six  times. 

The  other  method  made  use  of  is  that  proposed  by  Wherryt,  which 
involves  the  precipitation  of  the  iron,  filtering  the  boric  acid  and  titrat- 
ing the  same  with  a  standard  solution  of  alkali.  The  application  of 
this  method  to  the  present  situation  made  it  necessary  to  determine 
whether  it  were  possible  to  recover  the  relatively  small  amounts  of  boric 
acid  in  the  presence  of  such  heavy  precipitations  of  ferric  hydrate. 
After  considerable  experimentation  this  was  found  to  be  entirely 
feasible  without  departing  in  any  marked  degree  from  the  principles 
involved  in  the  method  as  set  forth  by  Wherry.  The  details  of  the 
procedure  are  as  follows : 

Two  to  three  grams  of  iron  are  dissolved  in  a  round  bottom  Jena 
flask  of  about  800  cc.  capacity  using  10  cc.  each  of  nitric  acid  sp.g.  1.4, 
hydrochloric  acid  sp.g.  1.2,  and  water.  When  the  solution  is  complete 
it  is  cooled  to  room  temperature  and  the  iron  precipitated  by  use  of 
c.p.  calcium  carbonate.  If  not  properly  carried  out  this  precipitation 
may  result  in  the  formation  of  colloidal  hydrate.  It  will  be  noted  that 
the  solution  consists  of  approximately  30  cc.  If  to  this  there  is  added 
all  at  one  time  approximately  double  the  amount  of  dry  calcium  car- 
bonate necessary  for  complete  neutralization,  stirring  the  solution  by 
rapid  rotation  of  the  flask  or  otherwise  vigorously  agitating  the  mix- 
ture, a  pasty  or  solid  mass  results  which,  upon  the  addition  of  hot  water, 
yields  a  ferric  hydroxide  in  the  form  of  a  dark  brown  and  very 
granular  precipitate.  Two  hundred  and  fifty  to  three  hundred  cc.  of 
carbon  dioxide  free  water  are  added  and  boiled  with  a  reflux  con- 


*American  Chemical  Journal,  9,  23   (1887). 

fjournal  American   Chemical  Society,  30,  1687    (1908). 
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denser   for   at  least  30  minutes  to  assure  entire  absence  of   carbon 
dioxide  or  bicarbonate. 

Before  filtering  and  in  order  to  still  further  open  up  the  precipi- 
tate to  admit  of  thorough  washing,  there  is  now  added  a  considerable 
quantity  of  asbestos  fiber  which  has  been  well  washed.     A  good  method 
for  preparing  the  asbestos  is  to  digest  over  night  on  a  steam  bath  a  con- 
siderable quantity  in  dilute  hydrocholric  acid.     This  should  be  well 
washed  by  suction  and  the  mass  returned  to  the  beaker  and  covered 
with  water  which  should  be  kept  at  the  boiling  temperature  while  in 
use.     The  wet  fibre  is  added  to  the  precipitated  iron.     The  amount 
needed  in  each  process  would  be  approximately  50  cc.  in  bulk,  sufficient 
to  thoroughly  impregnate  the  precipitated  iron.     After  boiling  for  a 
few  minutes  the  precipitate  is  filtered  at  once  by  means  of  suction  and 
a  splash  trap  onto  a  Buchner  funnel  about  15  cm.  in  diameter  having 
a  double  thickness  of  filter  paper  carefully  fitted  over  the  bottom.     It 
should  be  washed  eight  or  ten  times  with  well  boiled  distilled  water.  By 
using  boiling  hot  water  in  the  washing,  upon  the  removal  of  the  Buchner 
funnel  and  replacing  a  solid  stopper  in  the  neck  of  the  flask  a  con- 
tinuation of  the  suction  would   reduce  the  pressure  thus  producing 
ebulition  resulting  in  a  renewal  of  the  boiling  without  the  addition  of 
further  heat.     When  the  boiling  has  ceased  drain  back  the  splash  trap 
and  cool  under  the  tap.     When  cooled  to  room  temperature  titrate  with 
standard  hydroxide  solution  of  approximately  N/10  strength.     This 
solution  should  also  be  free  from  carbon  dioxide.    Use  4  or  5  drops  of 
phenolphthalein  as  indicator,  titrate  with  the  alkali  to  a  pink  color,  then 
add  about  one  gram  of  mannite.     Stir  well  and  continue  the  titration 
with  the  further  addition  of  mannite  until  a  permanent  pink  color  is 
obtained.  Familiarity  with  the  end  point  is  attained  by  practice.     A 
blank  should  be  carried  through  using  pure  iron  and  following  the 
process  exactly  as  described. 

In  testing  the  accuracy  of  the  method,  standard  solutions  were 
prepared  of  c.p.  boric  acid,  B2Os,  which  had  been  fused.  Known 
quantities  of  this  material  were  added  to  a  solution  of  iron  free  from 
boron  and  carried  out  as  indicated.  Contrary  to  the  experience  of 
Wherry  when  the  precipitation  by  use  of  calcium  carbonate  was  prop- 
erly carried  out  it  was  found  possible  to  wash  the  iron  entirely  free 
from  boric  acid  and  recover  the  full  amount  in  the  filtrate.  The  use 
of  the  boric  acid  solution  made  up  of  the  pure  fused  material  as  above 
described  also  served  admirably  as  a  medium  for  standardizing  the 
alkali  used  in  the  titrations. 
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A  STUDY  OF  BOILER  LOSSES. 
I.    Introduction. 

1.  Purpose  of  the  Tests. — The  experiments  herein  described  were 
undertaken  to  determine  the  conditions  prerequisite  for  the  continuous 
operation  of  the  boilers  in  the  new  power  plant  at  the  University  of 
Illinois,  and  to  permit  a  detailed  study  of  the  boiler  and  furnace  losses 
under  varying  conditions  of  load,  depth  of  fuel  bed,  and  draft.  It  was 
hoped  that  an  analysis  of  the  data  obtained  might  render  it  possible 
to  isolate  and  determine  the  amount  of  the  several  losses  in  the  hoiler, 
furnace,  and  setting,  thus  indicating  where  improvements  could  be  made 
in  order  to  increase  the  over-all  operating  efficiency. 

No  attempt  was  made  to  obtain  record  tests  and  in  every  case 
ordinary  operating  conditions  prevailed,  with  the  exception  of  the 
maintenance  of  approximately  constant  load  on  the  boiler  under  test. 
The  boiler  was  operated  as  one  of  a  battery  of  two  boilers  which  deliv- 
ered steam  directly  into  the  mains  connected  with  the  old  plant.  The 
pressure  maintained  was  thus  governed  by  conditions  prevailing  in  the 
system  as  a  whole. 

While  a  majority  of  the  trials  were  made  with  fresh  coal  from  the 
Mission  Field  Mine  No.  3,  at  Danville,  Illinois,  a  series  was  also  made 
using  weathered  coals  from  mines  in  Sangamon,  Williamson,  and  Ver- 
milion counties,  to  permit  a  comparison  with  the  tests  previously  made, 
and,  if  possible,  to  determine  the  effect  of  weathering  upon  the  steaming 
qualities  of  the  coal. 

2.  Acknowledgments. — The  experiments  described  in  this  bulletin 
were  undertaken  with  the  approval  of  C.  R.  Richards,  Professor  of 
Mechanical  Engineering  and  Acting  Dean  of  the  College  of  Engineer- 
ing and  Acting  Director  of  the  Engineering  Experiment  Station  of  the 
University  of  Illinois,  and  were  carried  out  under  his  supervision.  To 
him  the  writer  is  indebted  for  many  valuable  suggestions  and  also  for 
his  assistance  in  criticizing  and  revising  the  manuscript.  Acknowledg- 
ment is  also  due  to  Mr.  H.  F.  Geist  for  his  assistance  in  running  the 
tests  and  computing  the  results,  and  to  Mr.  W.  E.  Alley  for  his  help  in 
installing  and  maintaining  the  apparatus  and  running  the  tests. 
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II.     The  Plant. 

3.  Boilers. — The  boiler  on  which  these  tests  were  run  is  one  of  a 
battery  of  two  Babcoek  and  Wilcox  boilers  in  the  new  power  plant  of 
the  University  of  Illinois.  It  is  designated  as  boiler  No.  1.  The  second 
unit  of  the  battery  is  placed  between  boiler  No.  1  and  the  chimney.  The 
battery,  as  a' whole,  has  10,160  sq.  ft.  of  heating  surface,  equally  dis- 
tributed between  the  two  boilers,  and  is  designed  to  carry  a  working 
pressure  of  160  lb.  per  sq.  in.  Each  boiler  has  two  42  in.  by  20.33  ft. 
drums,  and  18  sections  of  4-in.  tubes  18  ft.  long,  each  section  containing 
14  tubes.  They  are  set  so  that  the  distance  from  the  floor  to  the  first 
row  of  tubes  is  8^2  ft.  at  the  front  end. 

A  cross  section  through  the  plant  is  shown  in  Fig.  1  and  a  view 
of  the  boiler  fronts  in  Fig.  2.  From  Fig.  1  it  may  be  seen  that  a  style 
of  baffling  different  from  the  standard  Babcoek  and  Wilcox  type  is  in 
use.  This  construction  provides  a  tile  roof  over  the  furnace  and  makes 
the  attainment  of  a  long  combustion  chamber  possible. 

The  first  pass  for  the  gases  is  thus  at  the  rear  of  the  setting  and 
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Fig.  1.    Section  Through  Power  Plant. 
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Fig.  2.    Boiler  Fronts. 
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they  are  discharged  into  a  breeching  at  the  front  instead  of  at  the  back 
of  the  boiler,  as  in  the  standard  type. 

4.  Stokers. — The  stokers  are  of  the  chain  grate  type,  having  an 
active  grate  surface  of  90  sq.  ft.,  and  were  built  by  the  Green  Engineer- 
ing Company.  At  the  time  these  tests  were  made,  each  stoker  had  a  'flat 
fire  arch  6  ft.  long,  set  10  in.  above  the  grates  at  the  front  end  and  18^2 
in.  at  the  back.  This  arch  has  since  been  changed  so  that  at  the  present 
time  it  is  15  in.  above  the  grates  at  the  front  and  33  in.  at  the  back. 

The  draft  is  produced  by  means  of  a  brick  chimney,  175  ft.  high, 
having  an  internal  diameter  of  10  ft.  This  was  designed  with  the 
expectation  that  it  was  to  serve  an  additional  battery  similar  to  the 
one  under  discussion,  but  at  the  time  the  tests  were  run  the  second 
battery  had  not  been  installed. 

The  feed  water  is  delivered  by  means  of  two  14  in.  by  8%  in-  by 
12  in.  American  steam  pumps,  the  feed  mains  being  arranged  so  that 
either  pump  can  feed  both  boilers  as  a  unit,  or  so  that  each  can  feed 
its  corresponding  boiler  independently.  The  feed  water  consists  of  con- 
densed steam  from  the  heating  system,  with  a  small  quantity  of  "make- 
up" water,  supplied  principally  through  the  water  backs  of  the  stokers. 
The  water  is  heated  by  means  of  a  Webster  "Star- Vacuum"  heater  before 
it  reaches  the  pump. 

5.  General  Dimensions. — The  following  is  a  table  of  the  principal 
dimensions. 

Number  of  steam  drums 2 

Length  of  steam  drums,  feet 20.33 

Diameter  of  drums,  inches 42 

Number  of  tubes 252 

Outside  diameter  of  tubes,  inches 4 

Inside  diameter  of  tubes,  inches 3.75 

Mean  length  of  tubes  exposed  to  gases,  feet 18 

Width  of  grate,  feet 9.46 

Effective  length  of  grate,  feet 9.50 

Area  of  grate  surface,  square  feet 90 

Area  of  air  space  in  grate,  square  feet 19.6 

Ratio  of  air  space  to  grate  area 0.218 

Height  of  ignition  arch  at  front,  inches 10 

Height  of  ignition  arch  at  back,  inches 18.5 

Length  of  ignition  arch,  feet 6 

Height  of  chimney  above  grate,  feet 175 


KRATZ — A    STUDY    OF    BOILER    LOSSES  7 

Sectional  area  of  chimney  at  top,  square  feet 78.5 

Height  of  gas  passage  over  bridge  wall,  inches 33 

Area  of  gas  passage  over  bridge  wall,  square  feet 26.8 

Minimum  area  through  1st  pass,  square  feet 27.7 

Minimum  area  through  2nd  pass,  square  feet 18.1 

Area  between  front  baffle  and  tile  on  lower  tubes,  square  feet. . .  23.2 

Minimum  area  through  3rd  pass,  square  feet 19.0 

Total  effective  area  of  openings  into  breeching,  square  feet.  . . .  15.2 

Total  water  heating  surface,  square  feet 5120 

Ratio  of  water  heating  surface  to  grate  surface 57.0 

III.    Methods  of  Conducting  Tests. 

With  a  few  modifications,  the  methods  employed  in  these  experiments 
were  those  set  forth  in  the  A.  S.  M.  E.  code  for  conducting  boiler  trials. 

6.  Starting  and  Stopping. — As  previously  stated,  the  boiler  tested 
forms  part  of  the  plant  equipment,  and  as  such  was  in  continuous  opera- 
tion. Before  starting  each  test,  however,  the  gates  were  set  for  the 
predetermined  thickness  of  fire,  and  the  boiler  operated  for  a  period 
of  from  1%  to  2  hours,  carrying  the  load  decided  upon  for  that  test. 
The  coal  bunker  supplying  the  boiler  under  test  was  kept  filled  with 
Mission  Field  coal  during  the  entire  period  over  which  tests  were  being 
made,  thus  obviating  the  necessity  for  emptying  it  before  each  run. 
In  the  case  of  the  weathered  coal,  however,  the  fuel  was  piled  on  the 
•floor  of  the  boiler  room  and  before  starting  the  test  the  coal  hopper  on 
the  stoker  was  allowed  to  empty.  It  was  then  filled  with  the  fuel  under 
test  and  the  grates  run  until  they  were  completely  covered  with  the  new 
fuel.  This  took  from  45  minutes  to  one  hour.  It  may,  therefore,  be 
seen  that  at  the  start  of  each  test  the  grates  were  covered  with  the 
required  fuel  and  the  boiler  had  been  running  under  the  predetermined 
conditions  of  load  and  thickness  of  fuel  bed  for  from  iy2  to  2  hours. 

On  starting  a  trial  the  condition  of  the  fuel  bed  was  observed  and 
recorded  and  an  effort  was  made  to  have  this  condition  duplicated  at  the 
close  of  the  test.  The  start  was  made  with  the  ash  pit  and  drip  pan  clean 
and  the  fuel  in  the  hopper  just  level  with  the  top.  The  test  was  closed 
under  the  same  conditions. 

The  condition  of  the  fuel  bed  was  maintained  as  nearly  uniform 
as  possible  throughout  a  test  and  no  adjustment  was  necessary  at  the 
end. 
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i.  Coal. — A  small  steel  car  resting  on  platform  scales  was  used  to 
weigh  the  coal.  From  this  ear  it  was  shoveled  into  the  hopper.  The 
tests  were  .-tailed  with  a  Full  ear  of  coal  on  the  scales,  the  drip  pan  and 
ash  pit  clean  and  with  the  fuel  in  the  hopper  just  level  with  the  top. 
At  the  end  of  each  hour  the  drip  pan  and  ash  pit  were  again  cleaned,  the 
hopper  leveled,  and  the  coal  remaining  in  the  car  weighed.  Thus  the 
coal  fed  to  the  grates  was  the  total  of  the  coal  weighed  during  the 
hour  minus  that  remaining  on  the  scales  at  the  end. 

Before  weighing  a  car  of  coal  two  samples  were  taken  from  it  and 
placed  in  tight  cans.  At  the  end  of  the  test  one  sample  was  quartered 
down  in  the  usual  manner  to  a  weight  of  about  3,000  grams,  placed  in 
a  shallow  pan,  weighed  on  a  Troemer  balance  and  set  on  top  of  the 
boiler  to  dry.  After  drying  it  was  weighed  a  second  time  to  determine 
the  moisture  loss,  then  quartered  down  to  fill  a  quart  jar  and  sent  to 
the  chemist  for  analysis.  Proximate  analyses  were  made  on  all  of  the 
samples.  Ultimate  analyses  also  were  made  on  four  samples  of  the 
Mission  Field  coal  from  the  average  of  which  ultimate  analyses  were 
calculated  for  the  rest  of  the  samples  by  making  use  of  the  individual 
proximate  analyses.  In  the  case  of  the  weathered  coal,  however,  ultimate 
analyses  were  necessarily  made  from  each  sample. 

The  second  sample  referred  to  above  was  spread  out  and  allowed 
to  dry,  after  which  it  was  weighed  and  screened.  The  remainder  was 
then  weighed  a  second  time  and  from  the  two  weighings  the  percentage 
of  dust  was  calculated.  The  screen  used  had  %-in.  round  openings 
and  what  passed  through  it  has  been  designated  as  "dust/' 

8.  Ash. — The  "ash  and  refuse"  was  raked  from  the  pit  into  wheel- 
barrows and  weighed  on  platform  scales.  A  sample  was  taken  from 
each  load  and  placed  in  a  tight  can.  At  the  end  of  the  test  this  was 
quartered  down  until  it  could  be  contained  in  a  quart  jar  and  was  then 
sent  to  the  chemist  for  analysis.  This  analysis  was  used  in  determining 
the  carbon  loss  in  the  ash.  Analyses  of  both  coal  and  ash  were  made  in 
the  Chemical  Laboratory  at  the  University  of  Illinois. 

9.  Water. — The  feed  water  was  measured  by  means  of  two  cylin- 
drical tanks  about  4  ft.  in  diameter  and  of  4,600  lb.  capacity.  These  tanks, 
as  shown  in  Fig.  3,  had  conical  heads  tapering  to  the  size  of  a  standard 
6-inch  nipple  and  were  emptied  through  quick  opening  valves  at  the 
bottom.  By  this  arrangement  the  error  in  filling  was  reduced  to  a 
minimum.  They  were  calibrated  at  about  155°  F.,  the  calibration  in- 
cluding all  of  the  volume  from  the  valve  to  the  top  of  the  nipple  on 
the  upper  head.    Making  use  of  these  data,  a  curve  was  calculated,  taking 
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Fig.  3.     Feed  Water  Tanks. 


into  account  the  change  in  volume  of  the  tank  as  well  as  the  change 
in  density  of  the  water,  from  which  the  weight  of  water  contained  in  the 
tank  could  be  determined  when  its  temperature  was  known.  The 
temperature  was  then  taken  just  before  emptying  a  tank. 

The  measuring  tanks  emptied  into  a  rectangular  feed-tank  40  in. 
deep  and  of  about  8,600  lb.  capacity,  from  which  the  water  gravitated  to 
the  feed  pump  supplying  the  boiler  under  test.  This  tank  was  also  cali- 
brated and  a  curve  plotted  giving  the  weight  of  water  per  inch  of  depth 
at  any  given  temperature.  The  height  of  water  in  the  tank  was  shown 
by  a  pointer  which  was  attached  to  a  float  and  moved  over  a  scale  having 
0.25-in.  divisions. 

The  boiler  itself  was  calibrated  and  a  family  of  curves  plotted  such 
that  when  the  height  of  water  in  the  gage  glass  and  the  pressure  were 
known  the  total  weight  of  water  in  the  boiler  could  at  once  be  determined. 

Both  boilers  were  fed  by  a  single  main,  the  two  feed  pumps  dis- 
charging into  it  at  points  within  about  3  feet  of  each  other.  Two 
valves  were  inserted  in  the  main  between  the  points  where  the  pumps 
discharged  and  a  bleeder  was  placed  between   the   valves.     Since  the 
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bleeder  was  always  open  during  a  test  any  leakage  through  either  valve 
could  be  detected  immediately.  In  this  way  the  two  parts  of  the  main 
were  completely  isolated  from  each  other  and  one  pump  could  be  used 
to  deliver  the  water  from  the  weighing  tanks  to  the  boiler  under  test, 
while  the  other  was  being  used  to  feed  the  remaining  boiler  and  to 
deliver  water  from  the  heater  to  the  weighing  tanks. 

In  the  installation  under  discussion  the  water-back  formed  a  cir- 
culating system  entirely  separate  from  the  boiler,  the  water  passing 
through  it  being  measured  by  means  of  a  calibrated  meter  and  afterwards 
discharged  into  the  feed  water  heater.  It  is  not  unusual  for  the  water- 
back  to  be  connected  into  the  boiler  in  such  a  way  as  to  form  a  closed 
system  and  to  utilize  the  natural  circulation  taking  place  in  the  latter 
in  which  case  it  forms  part  of  the  heating  surface  the  same  as  one  of 
the  tubes.  If  the  water-back  is  disconnected  from  the  boiler  and  a 
positive  means  of  circulation  adopted,  the  circulating  water  being  taken 
from  the  feed  water  and  returned  to  it  subsequent  to  taking  the  weight 
and  the  temperature  of  the  latter,  the  result  is  essentially  the  same  as 
though  the  closed  system  had  been  used,  and  no  account  need  be  taken 
of  the  water  thus  circulated.  In  the  present  case,  however,  the  tempera- 
ture was  taken  close  to  the  boiler  and  after  the  circulating  water  had 
gone  into  the  feed  water.  The  water-back  has,  therefore,  been  consid- 
ered as  part  of  the  heating  surface  of  the  boiler  and  the  heat  absorbed 
by  the  circulating  water  has  been  reduced  to  terms  of  equivalent  water 
evaporated  and  added  to  the  boiler  output  as  discussed  under  feed  water 
corrections  in  the  Appendix. 

10.  Flue  Gas. — Flue  gas  samples  were  collected  over  half-hour 
periods.  One  sample  was  taken  at  the  breeching  about  2  ft.  below  the 
dampers  and  a  second  one  at  a  point  about  8  in.  behind  and  below  the 
end  of  the  tile  roof  of  the  combustion  chamber.  This  point  was  about 
34  in.  back  of  the  bridge  wall  at  the  point  where  the  gases  turned  to  go 
up  through  the  first  pass.  It  was  close  enough  to  the  furnace  so  that 
no  air  leakage  chargeable  to  the  boiler  setting  had  as  yet  occurred,  and 
far  enough  back  so  that  combustion  was  complete,  as  may  be  seen  from 
a  comparison  of  the  CO  in  the  gas  there  and  at  the  dampers. 

The  sampler  used  in  the  breeching  is  shown  in  Fig.  4  and  the  breech- 
ing itself  in  Fig.  5.  In  the  latter  it  may  be  seen  that  the  boiler  had 
3  nozzles  opening  from  the  last  pass  into  the  breeching  with  a  damper 
in  each  one,  the  dampers  being  operated  simultaneously  from  one  control 
rod.  A  set  of  sample  tubes  cross  connected  as  shown  in  Fig.  4  extended 
into  each  one  of  these  passages.    The  two  gate  valves  shown  at  A  and  B 
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Fig.  5.     Section  Through  Breeching. 

made  it  possible  to  obtain  a  sample  from  either  boiler.  Before  starting 
the  tests  the  valve  at  B  was  closed  and  the  whole  apparatus  tested  for 
leaks  by  means  of  compressed  air.  The  valve  B  then  remained  closed 
during  the  period  over  which  tests  were  run.  In  order  to  keep  the 
small  holes  open  the  tubes  were  blown  occasionally  with  compressed  air. 
The  system  was  tested  frequently  to  see  that  it  did  not  leak.  A 
continuous  flow  of  gas  was  maintained  through  the  pipe  C  by  means 
of  a  small  laboratory  aspirator  placed  near  the  floor  line.  The  sample 
bottle  was  attached  at  a  tee  near  this  point  and  any  back  flow  of  gas 
from  the  bottle  was  prevented  by  placing  a  small  mercury  trap  (F) 
in  the  line  between  the  latter  and  the  tee. 

The  sampler  used  for  the  furnace  gases  is  shown  in  Fig.  6.  This 
consisted  of  a  2%-in.  pipe  extending  in  to  the  center  of  the  furnace. 
Five  small  tubes  were  brazed  into  the  pipe  and  water  was  kept  flowing 
through  the  apparatus  in  order  to  prevent  it  becoming  hot  enough  to 
react  on  the  gas.  It  was  assumed  that  the  composition  of  the  gas  varied 
the  same  either  side  of  the  center  toward  the  furnace  walls  and  also 
that  it  was  fairly  well  mixed  by  turning  the  corner  at  the  point  where 
the  sample  was  taken.  While  this  does  not  insure  a  strictly  average 
sample,  it  is,  however,  believed  to  be  within  the  limits  of  accuracy  of 
the  rest  of  the  observation  in  boiler  trials. 

The  gas  samples  were  taken  in  one  liter  flasks  as  indicated  in  Fig.  4. 
Before  being  attached  the  latter  were  filled  with  water  and  inverted. 
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Fig.  6.     Gas  Sampling  Apparatus  for  Furnace. 


They  were  then  allowed  to  empty  under  a  head  of  about  3  ft.,  the  rate 
of  drawing  the  sample  being  regulated  by  means  of  a  glass  stop  cock  in 
tube  D  so  that  as  nearly  uniform  flow  as  possible  was  maintained  over 
the  half -hour  periods.  A  bottle  of  water  was  placed  at  E,  between  the 
sampler  and  aspirator,  and  all  of  the  gas  was  drawn  through  it,  thus 
keeping  a  supply  of  gas-saturated  water  for  use  in  the  flasks. 

11.  Quality  of  Steam. — The  quality  of  steam  was  taken  by  means 
of  a  throttling  calorimeter  and  the  steam  pressure  was  taken  by  a  cali- 
brated gage  at  this  point. 

12.  Temperature. — Calibrated -mercury  thermometers  were  used 
for  taking  all  temperatures,  with  the  exception  of  that  of  the  gas  leaving 
the  boiler.  The  latter  was  taken  at  points  about  2  ft.  below  the  dampers 
by  means  of  3  copper-constantan  thermo-couples  and  a  Siemens-Halske 
millivoltmeter.  These  were  calibrated  with  the  cold  junctions  at  100 
degrees  F.  This  temperature  was  read  during  each  test  and  a  correction 
applied  in  case  it  was  not  100°  F.,  the  correction  in  no  case  being  larger 
than  about  5°  F.  The  couples  were  calibrated  before  the  tests  and 
were  then  left  in  place  for  the  rest  of  the  series,  a  period  of  about  3 
months.  On  being  re-calibrated  at  the  end  of  this  time  the  new  points 
fell  on  the  curve  of  the  previous  calibration.  It  is,  therefore,  believed 
that  the  accuracy  of  the  apparatus  is  within  5°  F. 

13.  Drafts. — Drafts  were  taken  at  the  points  indicated  in  Fig.  1 
by  means  of  Ellison  differential  gages.  The  draft  at  (6)  was  taken 
at  a  point  about  2  ft.  below  the  center  damper. 

14.  Observation  Periods,  etc. — All  readings  of  pressure,  tempera- 
ture, drafts,  etc.,  were  taken  at  15-minute  intervals.  The  tests  were  of 
^sufficient  length  to  give  a  total  coal  consumption  of  250  lb.  per  sq.  ft. 
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of  grate  surface,  with  the  exception  of  the  weathered  coal  tests,  which 
were  necessarily  limited  by  the  amount  of  the  samples.  The  heat 
balance  shows  a  normal  unaccounted-for  loss  for  the  latter,  however, 
and  it  is  believed  that  the  accuracy  has  not  suffered  materially  on  this 
account. 

IV.    Discussion  of  Results. 

The  general  results  of  the  tests  are  shown  in  Tables  1  to  16.    The 
items  in  these  tables  are  in  accordance  with  the  Boiler  Test  Code  of 

Table  1. 
General  Conditions. 


Thickness 

Pressure,  Lb.  Per  Sq.  In. 

Draft, 
Inches  of  Water 

Test 

Date 

Duration, 
Hours 

of 

Fuel  Bed, 

Inches 

Number 

Baro- 

Steam 

Steam 

Between 

Damper 

and  Boiler 

At  End 

of 
3rd  Pass 

metric 

(Gage) 

(Abs.) 

Col.  No. 

2 

3 

4 

5 

6 

7 

8 

9 

*      a 

1 

2 

81 

11 

12 

X      b 

2 

3 

6 

8 

9 

10 

11 

1 

11-11-'13 

13.0 

6.0 

14.4 

128.2 

142.6 

0.091 

0.134 

2 

11-18-13 

13.0 

7.0 

14.3 

132.0 

146.3 

0.053 

0.102 

3 

11-13-13 

13.0 

8.0 

14.4 

131.4 

145.8 

0.077 

0.118 

4 

11-20-13 

13.0 

10.0 

14.3 

133.0 

147.3 

0.263 

0.310 

5 

11-25-13 

9.0 

6  0 

14.4 

129.4 

143.8 

0.379 

0.433 

6 

11-29-13 

9.0 

7.0 

14.4 

137.9 

152.3 

0.254 

0.307 

7 

12-  2-*13 

9.0 

8.0 

14.5 

132.5 

147.0 

0.358 

0.397 

8 

12-  9-13 

9.0 

9.3 

14.5 

132.0 

146.5 

1.038 

1.056 

9 

12-  4-13 

9.0 

9.8 

14.4 

135.1 

149.6 

0.726 

0.767 

10 

12-  5-13 

9.0 

6.0 

14.3 

138.1 

152.4 

0.522 

0.568 

11 

12-12-'13 

9.0 

6.0 

14.5 

134.2 

148.7 

0.984 

1.011 

12 

12-13-13 

9.0 

7.0 

14.5 

138.7 

153.2 

1.124 

1.138 

13 

12-  6-'13 

9.0 

7.0 

14.2 

136.3 

150.5 

0.500 

0.540 

14 

12-  8-'13 

9.0 

8.0 

14.6 

131.4 

146.0 

0.591 

0.637 

15 

12-16-13 

9.0 

9.4 

14.4 

131.4 

145.8 

1.126 

1.127 

16 

12-19-*13 

9.0 

6.0 

14.3 

138.3 

152.6 

1.090 

1.094 

17 

12-18-13 

9.0 

7.0 

14.4 

133.9 

148.3 

1.147 

1.153 

18 

12-15-'13 

9.0 

8.0 

14.5 

135.2 

149.7 

1.139 

1.149 

19 

l-29-*14 

7.0 

7.0 

14.4 

141.0 

155.4 

1.124 

1.160 

20 

12-30-'13 

5.5 

7.0 

14  4 

132.7 

147.1 

1.090 

1.108 

21 

1-  2-' 14 

3.5 

6.5 

14.2 

138.0 

152.2 

1.048 

1.110 

22 

1-10-*14 

4.5 

7.0 

14.4 

134.0 

148.4 

1.250 

1.240 

23 

1-  3-14 

6.0 

7.0 

14.3 

134.7 

149.0 

1.055 

1.159 

24 

1-  5-*14 

6.0 

7.0 

14.5 

133.0 

147.5 

1.225 

1.206 

*  (a)  Numbers  correspond  to  the  A.  S.  M.  E.  Code. 

t  (b)  Numbers  correspond  to  Calculating  Code  given  in  Appendix. 

the  American  Society  of  Mechanical  Engineers,  with  the  exception  that 
some  items  have  been  added.  These  consist  of  three  efficiencies,  viz. : 
The  efficiency  of  furnace  and  grate,  the  efficiency  of  the  furnace,  and 
the  efficiency  of  the  boiler  exclusive  of  furnace  and  grate,  and  also  some 
items  referring  to  gas  analysis  at  the  furnace  and  to  weights  of  air  and 
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gas  per  lb.  of  coal.     The  heat  balance  has  also  been  considerably  ex- 
tended and  is  based  on  1  lb.  of  dry  coal  fired  instead  of  on  combustible. 

The  efficiencies  given  in  the  A.  S.  M.  E.  code  are  the  over-all  efficien- 
cies for  the  boiler  and  furnace  together  and  do  not  afford  a  means  of 
determining  whether  a  loss  in  efficiency  of  the  unit  is  due  to  poor 
furnace  construction  or  conditions  or  to  dirty  tubes  or  faults  in  the 


Table  2. 
General  Conditions  (Continued). 


Draft,  Inches  of  Water 

Temperature,  Degrees 

Fahrenheit 

Test 
Number 

Between 

1st  &  2nd 

Pass 

At  End 
of  Com- 
bustion 

Over 
Fire 

in 

In 
Ash 
Pit 

Outside 
Air 

Fire 
Room 

Steam 

Feed 

Water 

at 

Flue 
Gases 

Chamber 

Furnace 

Boiler 

Col.  No. 

10 

11 

12 

13 

14 

15 

16 

17 

18 

a 

13 

14 

15 

16 

17 

20 

21 

b 

12 

13 

14 

15 

16 

17 

18 

19 

21 

1 

0.045 

0.088 

0.002 

36.0 

74.0 

354.5 

137.3 

451.0 

2 

0.020 

0.079 

0.072 

0.001 

64.8 

78.1 

356.5 

123.2 

445.7 

3 

0.048 

0.117 

0.108 

0.004 

58.8 

73.9 

356.1 

127.3 

435.3 

4 

0.168 

0.217 

0.184 

0.009 

69.6 

83.5 

357.0 

114.0 

460.7 

5 

0.208 

0.219 

0.171 

0.032 

48.8 

78.6 

355.2 

128.8 

551.0 

6 

0.141 

0.179 

0.149 

0.015 

59.9 

79.8 

359.7 

125.2 

515.0 

7 

0.247 

0.274 

0.232 

0.008 

53.8 

70.7 

356.9 

128.8 

532.3 

8 

0.721 

0.654 

0.549 

0.047 

34.9 

83.1 

356.6 

146.5 

573.7 

9 

0  499 

0.449 

0.389 

0.029 

51.2 

74.5 

358.2 

125.9 

555.0 

10 

0.320 

0.289 

0.200 

0.042 

52.3 

73.1 

359.7 

126.4 

596.6 

11 

0.631 

0.524 

0.330 

0.051 

47.7 

84.1 

357.8 

136  5 

638.3 

12 

0.748 

0.656 

0.421 

0.053 

47.9 

79.1 

360.1 

138.8 

644.4 

13 

0.320 

0.290 

0.227 

0.023 

54.2 

77.8 

358.8 

126.0 

544.8 

14 

0.404 

0.391 

0.327 

0.015 

26.5 

71.4 

356.3 

130.4 

557.5 

15 

0.818 

0.748 

0.540 

0.020 

40.4 

78.7 

356.2 

142.5 

563.5 

16 

0.712 

0.594 

0.320 

0.078 

37.3 

76.2 

359.8 

154.0 

612.5 

17 

0.779 

0.667 

0.364 

0.043 

37.2 

78.2 

357.6 

147.7 

620.3 

18 

0.778 

0.666 

0.416 

0.041 

39.6 

84.2 

358.3 

140.5 

616.4 

19 

0.746 

0.546 

0.375 

0.017 

45.7 

70.1 

361.2 

147.0 

632.8 

20 

0.624 

0.537 

0.416 

0.108 

32.6 

77.0 

357.0 

154.3 

602.0 

21 

0.664 

0.590 

0.467 

0.085 

34.7 

72.6 

359.6 

144.4 

613.8 

22 

0.733 

0.587 

0.482 

0.070 

23.4 

77.0 

357.6 

166.9 

618.3 

23 

0.705 

0.649 

0.540 

0.099 

34.3 

63.1 

357.9 

142.1 

597.0 

24 

0.716 

0.572 

0.441 

0.089 

30.3 

77.5 

357.1 

149.4 

621.0 

boiler  itself.  It  was  for  this  reason  that  the  efficiencies  indicated  above 
were  added  and  that  the  heat  balance  was  extended  and  divided  so  as 
to  separate  from  one  another  the  losses  chargeable  to  boiler  and  furnace 
alone.  In  order  to  do  this  it  was  necessary  to  obtain  an  analysis  of  gas 
at  the  furnace  and  to  include  some  items  on  weights  of  air  and  gas. 
A  discussion  of  all  these  items  may  be  found  in  the  Appendix. 

15.    Fuel. — The  fuel  used  on  tests  1  to  18  inclusive  was  Vermilion 
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County  screenings  from  .Mission  Field  Mine  No.  3.  The  coal  was  of 
the  same  quality  as  that  used  for  the  normal  operation  of  the  plant 
and  was  all  obtained  from  the  same  mine  with  the  expectation  that 
the  ash  and  dust  content  would  not  vary  much.  So  far  as  the  ash  was 
concerned  this  expectation  was  fairly  well  fulfilled  but  the  dust  varied 
considerably. 

The  fuel  used  on  tests  20  to  24  inclusive  was  weathered  coal.    This 

Table  3. 
Coal  and  Ash. 


Test 
Number 

Kind  of  Fuel 
(District  from 
which  mined) 

Condition  of  Fuel 

Commercial  Size 

Amount 
Passing 
a  34-in. 
Screen 
Per  Cent 

Col.  No. 
a 
b 

19 

20 
23 

21 
23 

22 

1 

Mission  Field 

Fresh 

Screenings 

35.0 

2 

u                   u 

■ 

u 

34.8 

3 

u                   tt 

" 

a 

40.0 

4 

u                   u 

u 

" 

38.0 

5 

a                     it 

a 

u 

37.8 

6 

a                   u 

it 

" 

19.6 

7 

a                   a 

" 

u 

26.3 

8 

U                             0 

" 

" 

50  5 

9 

«                 u 

" 

■ 

35.7 

10 

it                     u 

u 

" 

30.6 

11 

a                    it 

a 

u 

33.2 

12 

a                    u 

a 

" 

40.3 

13 

U                            it 

a 

" 

26.3 

14 

u                     u 

" 

it 

42.8 

15 

a                     a 

« 

" 

22.3 

16 

it                   u 

u 

" 

34.1 

17 

a                  u 

It 

u 

24.7 

18 

it                     a 

a 

u 

29.5 

19 

«                    u 

a 

Pea 

7.2 

20 

Sangamon  Co. 

Weathered 

Nut 

31.9 

21 

«                  u 

u 

Screenings 

45.1 

22 

Williamson  Co. 

u 

Nut 

13.9 

23 

a                     u 

u 

Screenings 

42.9 

24 

Vermilion  Co. 

u 

Nut 

35.0 

had  been  exposed  in  bins  since  January,  1908,  and  consisted  of  one  lot 
of  each  of  the  following:  Sangamon  County  nut,  Sangamon  County 
screenings,  Williamson  County  nut,  Williamson  County  screenings,  and 
Vermilion  County  nut.  This  coal  had  disintegrated  considerably  and 
when  dry  it  presented  a  white  appearance  as  though  coated  with  clay. 
It  was  very  easily  broken  and  the  surface  thus  exposed  Avas  black  and 
rather  oily. 
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16.  Relations  Between  Thickness  of  Fire,  Capacity,  and  Efficiency. 
— Curves  are  shown  in  Figs.  7  to  11  in  which  efficiency  is  plotted  against 
thickness  of  fuel  bed.  For  the  sake  of  convenience  in  reference  the 
points  have  been  numbered  to  correspond  to  the  tests  from  which  they 
were  taken.  From  the  curves  it  becomes  evident  that  the  best  efficiency 
under  full  load  conditions  was  obtained  with  a  fire  of  about  7  or  7% 

Table  4. 
Coal  and  Ash  (Continued). 


Calorific  Value 

Test 
Number 

Total  Coal 

as 

Fired 

Lb. 

Total 
Dry 

Coal 
Lb. 

Combust- 
ible 
Consumed 
Lb. 

by  Calorimeter 

Total 

Ash 

and 

Refuse 

Percentage 
of  Ash  and 

Per  Lb. 

Per  Lb. 

Refuse  in 
Dry  Coal 

Dry  Coal 

Combustible 

Lb. 

Per  Cent 

B.  t.  u. 

B.  t.  u. 

Col.  No. 

23 

24 

25 

26 

27 

28 

29 

a 

25 

27 

30 

50 

51 

28 

31 

b 

22 

24 

29 

62 

63 

25 

30 

1 

21954 

18026 

13026 

10979 

14177 

4087 

22.67 

2 

17935 

14813 

11061 

11537 

14287 

3925 

26.49 

3 

19135 

15966 

11661 

11629 

14318 

3771 

23.62 

4 

19840 

16352 

12742 

11815 

14276 

3445 

21.07 

5 

21805 

17959 

14081 

11933 

14381 

3819 

21.27 

6 

21035 

17398 

13418 

11947 

14437 

4159 

23.91 

7 

21512 

18061 

14328 

12408 

14478 

3826 

21.18 

8 

23325 

19493 

14982 

11821 

14409 

3832 

19  66 

9 

19257 

16266 

13164 

12292 

14439 

2801 

17.22 

10 

25397 

21181 

17421 

12335 

14452 

4394 

20.75 

11 

30173 

25587 

18255 

10954 

14377 

5671 

22.16 

12 

28490 

23798 

18369 

11949 

14320 

4905 

20.61 

13 

25678 

21405 

16549 

11876 

14230 

4852 

22.67 

14 

25390 

21246 

16474 

12184 

14462 

4799 

22.59 

15 

23416 

19847 

15320 

11748 

14350 

4021 

20.26 

16 

30955 

26176 

20872 

12186 

14381 

5342 

20.41 

17 

29235 

24753 

18924 

11921 

14324 

5454 

22.03 

18 

29309 

24778 

18183 

11472 

14260 

5881 

23.73 

19 

25087 

21612 

17617 

12622 

14465 

5968 

27.61 

20 

18226 

14517 

11743 

11179 

13469 

2351 

26.19 

21 

12658 

9868 

7618 

10497 

12707 

1718 

17.41 

22 

15660 

13710 

11009 

12103 

14067 

2382 

17.37 

23 

16917 

14029 

11002 

12153 

13911 

2271 

16.19 

24 

21383 

17102 

14193 

11985 

13787 

2098 

12.27 

inches  in  thickness.  This  seems  to  give  a  fuel  bed  resistance  such  that 
the  normal  amount  of  coal  can  be  burned  without  excessive  draft.  If 
a  thinner  fire  than  this  is  used  there  is  a  greater  probability  that  there 
will  be  holes  or  thin  places  in  the  fuel  bed,  forming  paths  of  least 
resistance  through  which  an  excessive  amount  of  air  passes  with  a  con- 
sequent decrease  in  efficiency.  On  the  other  hand  if  the  thickness  of 
the  fire  is  materially  increased  it  becomes  necessary  to  use  more  draft 
in  order  to  maintain  the  load.  The  increased  draft  causes  an  increase 
in  the  air  leakage  through  the  setting,  etc.,  thus  causing  the  efficiency 
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7  6  9 

Thickness  of  Fins  (inches) 

Fig.  7.    Relation   Between   Thickness  of  Fire  and  Efficiency   of   Boiler, 

Furnace,  and  Grates. 
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Fig.  8. 


5  6  7  6  9 

Thickness  of  Fire  (Inches) 

Relation  Between  Thickness  of  Fire  and  Efficiency  of  Boiler  and 
Furnace,  Excluding  Grates. 
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5  6  7  6  9 

Thickness  of  Fire  (Inches) 

Fig.  9.    Relation   Between  Thickness  of  Fire  and   Efficiency  of   Boiler, 
Furnace,  and  Grates,  Based  on  Zero  Air  Leakage. 
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7.6  9 

Thickness  of  Fire  (inches) 

Fig.  10.    Relation  Between  Thickness  of  Fire  and  Efficiency  of  Boiler, 

Excluding  Furnace  and  Grate. 
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Fig.  li.    Relation  Between  Thickness  of  Fire  and  Efficiency  of  Furnace. 


curve  to  drop.  The  above  discussion  is  based  on  the  assumption  that 
there  is  no  more  CO  formed  when  using  a  thick  fuel  bed  than  with  a 
thin  one.  An  inspection  of  the  gas  analyses  will  show  that  the  CO 
was  never  more  than  0.24  per  cent  as  a  maximum  and  that  this  value  was 
obtained  on  but  two  tests.    For  this  reason  it  has  been  disregarded. 

Another  explanation  of  the  decrease  in  efficiency  when  the  thickness 
of  fire  is  increased  above  8  inches  is  offered  by  the  fact  that  the  arch 
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I-  very  low.  it  being  only  10  inches  above  the  grate  at  the  front  end. 
This  causes  an  excessive  draft  loss  toward  the  front  and  makes  the 
combustion  poor  over  that  part  of  the  grate  thus  reducing  the  effective 
grate  surface.  On  this  account  it  was  found  impossible  to  obtain  loads 
as  high  as  IVi  capacity  with  a  fire  9y2  inches  in  thickness.  That  part 
of  the  1*4  load  curve  to  the  right  of  the  point  representing  the  8-in. 


Table  5. 
Steam  and  Water. 


True 

Total 

^Total  Weight  of  Water 

Steam  Pressure, 

Test 

Quality 

Factor 

Water  to 

in  Boiler,  Lb. 

Lb.  per  Sq 

.  In.  (Gage) 

of 
Steam 

of 
Evapora- 

Weighing 
Tanks 

Number 

tion 

Lb. 

Initial 

Final 

Initial 

Final 

Col.  No. 

30 

31 

32 

33 

34 

35 

36 

a 

60 

b 

66 

111 

67 

83 

84 

75 

77 

1 

0.981 

1.104 

128849 

34075 

33000 

128.0 

135.0 

o 

0.958 

1.098 

101703 

34700 

34520 

104.0 

132.0 

3 

0.965 

1.100 

106005 

32940 

34300 

140.0 

111.0 

4 

0.959 

1.109 

106843 

33800 

32870 

137.0 

133.0 

5 

0.966 

1.099 

134113 

33600 

34970 

140.0 

138.0 

6 

0.969 

1.107 

121025 

34420 

33000 

140.0 

135.0 

7 

0.969 

1.102 

120655 

33650 

33765 

135.0 

126.0 

8 

0.962 

1.078 

124928 

31650 

32985 

143.0 

136.0 

9 

0.966 

1.103 

106858 

33540 

33300 

131.0 

138.0 

10 

0.972 

1.108 

153213 

33860 

33415 

145  0 

141.0 

11 

0.965 

1.091 

153191 

34940 

31750 

126.0 

135.0 

12 

0.965 

1.090 

162271 

33215 

34255 

144.0 

139.0 

13 

0.969 

1.106 

162830 

33510 

34960 

147.0 

139.0 

14 

0.966 

1.098 

158007 

33070 

34340 

130.0 

120.0 

15 

0.963 

1.082 

143235 

33595 

34450 

140.0 

123.0 

16 

0.985 

1.091 

180054 

33440 

34010 

140.0 

133  0 

17 

0.965 

1.079 

170912 

33880 

34380 

143.0 

129.0 

18 

0.968 

1.090 

166713 

34265 

34880 

138.0 

131.0 

19 

0.988 

1.101 

161818 

33985 

34805 

148.0 

138.0 

20 

0.983 

1.088 

101619 

31500 

33790 

125.0 

137.0 

21 

0.986 

1.102 

55580 

36500 

35170 

1230 

137.0 

22 

0.985 

1.077 

105364 

30755 

33975 

138.0 

135.0 

23 

0.986 

1.104 

97300 

34610 

34595 

125.0 

140.0 

24 

0.982 

1.093 

124576 

34375 

34300 

130.0 

135.0 

fire  has  therefore  been  shown  as  a  dotted  line  and  has  been  made  to 
parallel  the  full  load  curve. 

A  study  of  the  curves  in  Figs.  7  to  11  will  show  that  for  each  load 
there  was  a  well  marked  thickness  of  fire  which  gave  the  best  efficiency 
and  that  as,  the  load  decreased  this  also  became  less.  Thus  for  1% 
load  the  maximum  efficiency  occurred  with  8  to  8%-in.  fires,  for  full 
load  with  7  to  7V2  inches  and  for  %  load  with  about  6%  inches.  It  is 
probable  that  for  y2  load  the  fire  could  be  decreased  to  5  inches  before 
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the  efficiency  would  drop  materially.    This  can  only  be  inferred,  however, 

from  the  action  at  other  load?,  since  no  data  were  taken  using  fires  of 
less  than  0  inches. 

17.  Draft. — When  analyzed  from  the  standpoint  of  draft  the 
above  condition  is  to  be  expected.  For  each  load,  or  rate  of  combustion, 
a  given  amount  of  air  is  necessary.     If  the  fuel  bed  is  too  thick,  or 

Table  6. 
Steam  and  Water  (Continued). 


Test 
Number 


Col.  No. 
a 
b 


Total 
Weight  of 

Temperature  of 

Water  to  Water-back 

Deg.  F. 

Water  to 

Water-back 

Lb. 

Entering 

Leaving 

37 
90 

38 
91 

39 
92 

Feed-Water  Corrections, 
Lb. 


For  Feed 
Tank 
Level 


40 
72 


For  Pres- 
sure and 
Gage 
Glass 


41 
102 


For 
Water- 
back 


42 

105 


u 

u 

u 

0) 

ctJ 

O  TJ 

* 

o  u 

+j  D 

u 

-(-> 

*0  1-     • 

o 

v  oja 

HfeUJ 

43 

57 

110 

44 

61 

112 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 


88075 
97760 
108095 
99970 
70245 
68310 
68715 
51930 
65250 
63810 
53640 
52785 
55125 
53550 
54630 
58275 
56925 
53370 
50960 
44633 
26863 
35392 
48480 
46320 


58.7 

123 .2 

60.3 

109.1 

59.5 

96.0 

59.7 

88.7 

58.3 

113.0 

59.3 

117.8 

58.7 

104.7 

58.5 

110.8 

58.1 

96.6 

58.3 

112.8 

59.0 

136.3 

59.1 

122.6 

59.5 

137.5 

57.4 

126.3 

58.3 

106.4 

58.1 

123.2 

58.2 

123.3 

58.8 

127.7 

60.6 

121.7 

58.4 

108.4 

59.7 

113.2 

60.4 

140.1 

59.7 

104.9 

59.5 

121.0 

+  318 
+  3086 
+  3083 
+  1067 

—  2019 
+  3512 
+  319 
+  1796 

—  319 

—  1382 
+  2332 

—  1377 

—  213 

—  3080 
+  423 
+  316 
+  1319 
+  318 
+  1686 

—  2951 
+  2801 

—  575 

—  4070 

—  3368 


+  974 

+  694 

—  1594 
+  648 

—  1100 
+  1020 

—  251 

—  1174 
+  309 
+  277 
+  2679 

—  906 

—  1262 

—  1181 

—  826 

—  579 

—  648 

—  614 

—  822 

—  1634 
+  1331 

—  2669 
+  280 
+  151 


+  5305 
+  4477 
+  3696 
+  2695 
+  3602 
+  3721 
+  2955 
+  2597 
+  2347 
+  3234 
+  3917 
+  3169 
+  4008 
+  3464 
+  2502 
+  3583 
+  3538 
+  3477 
+  2913 
+  2113 
+  1344 
+  2699 
+  2046 
+  2687 


135446 
109960 
111190 
111253 
134596 
129278 
123678 
128147 
109195 
155342 
162119 
163157 
165363 
157210 
145384 
183374 
175121 
169894 
168595 
99147 
61056 
104819 
95556 
124046 


149532 
120736 
122309 
123380 
147921 
143111 
136293 
138142 
120442 
172119 
176872 
177841 
182891 
172617 
157306 
200061 
188956 
185184 
185623 
107872 
67284 
112890 
105494 
135582 


dirty,  it  requires  a  heavy  draft,  with  a  consequent  increase  in  air  leakage 
through  places  other  than  the  fire,  thus  causing  a  loss  in  efficiency.  If 
it  is  too  thin  the  draft  may  be  reduced,  but  in  this  case  the  air  leakage 
occurs  through  the  fuel  bed  itself  with  the  same  result  as  before. 

The  curves  shown  in  Fig.  9  have  been  calculated  on  the  assumption 
that  no  air  leakage  occurred.  In  this  discussion  air  leakage  has  been 
defined  as  the  air  infiltration  occurring  in  that  portion  of  the  setting 
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from  the  bridge  wall  to  the  breeching  and  is  chargeable  against  the 
boiler,  and  not  against  the  furnace.  It  is  believed  that  this  efficiency 
forms  a  better  basis  for  comparing  the  action  of  two  different  boilers 
and  furnaces  than  the  over-all  efficiency.  It  was  deemed  advisable  to 
calculate  this  because  after  the  tests  had  been  completed  a. place  was 
found  which  permitted  some  air  to  leak  into  the  second  pass.    On  account 


Table  7. 
Fuel  and  Water  per  Hour. 


Combustible 

Equivalent 

Dry  Coal,  Lb. 

Consumed,  Lb. 

Evaporation,  Lb. 

Test 

Number 

Per  Sq.  Ft. 

of  Grate 

Surface 

per  Hour 

Per  Sq.  Ft. 
of  Water- 

Per  Sq.  Ft. 
of  Water- 

Per  Hour 

Per  Hour 

heating 

Per  Hour 

heating 

Surface 

Surface 

per  Hour 

per  Hour 

Col.  No. 

45 

46 

47 

48 

49 

50 

a 

46 

48 

47 

49 

63 

64 

b 

58 

60 

59 

61 

113 

114 

1 

1387 

15.41 

1002 

0.196 

11502 

2.25 

2 

1139 

12.66 

851 

0.166 

9287 

1.81 

3 

1228 

13.64 

897 

0.175 

9408 

1.84 

4 

1258 

13.98 

980 

0.191 

9491 

1.85 

5 

1995 

22.17 

1565 

0.306 

16436 

3  21 

6 

1933 

21.48 

1491 

0.291 

15901 

3.11 

7 

2007 

22.30 

1592 

0311 

15144 

2.96 

8 

2166 

24.07 

1665 

0.325 

15349 

3.00 

9 

1807 

20.08 

1462 

0.286 

13383 

2.61 

10 

2353 

26.14 

1936 

0.378 

19124 

3.74 

11 

2843 

31.59 

2028 

0.396 

19652 

3.84 

12 

2644 

29.38 

2041 

0.399 

19760 

3  86 

13 

2378 

26.42 

1839 

0.359 

20321 

3.97 

14 

2361 

26.23 

1830 

0.357 

19180 

3.75 

15 

2206 

25.51 

1702 

0.332 

17479 

3.41 

16 

2908 

32.31 

2319 

0.453 

22229 

4.34 

17 

2750 

30.56 

2103 

0.411 

20995 

4.10 

.     18 

2753 

30.59 

2020 

0.395 

20576 

4.02 

19 

3088 

34.31 

2517 

0.492 

26516 

5  18 

20 

2639 

29.32 

2135 

0.417 

19613 

3.83 

21 

2819 

31.32 

2177 

0.425 

19224 

3.75 

22 

3047 

33.86 

2446 

0.478 

25087 

4.90 

23 

2338 

25.98 

1834 

0.358 

17582 

3.43 

24 

2850 

31.67 

2366 

0.462 

22597 

4.41 

of  its  inaccessible  position  this  place  had  escaped  detection  from  the 
time  the  boilers  were  installed.  A  close  watch  was  kept  and  precautions 
were  taken  to  prevent  the  development  of  leaks  during  the  tests,  and  it 
was  supposed  that  the  setting  was  as  tight  as  possible.  With  the 
possible  exception  of  one  or  two  tests,  the  difference  between  the  per- 
centage of  C02  at  the  furnace  and  that  at  the  breeching  was  not  enough 
to  arouse  suspicion,  since  the  setting  was  not  a  plastered  one,  and  the 
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ordinary  brick  setting  is  susceptible  to  some  unavoidable  air  seepage. 
A  comparison  of  this  set  of  curves  with  the  other  efficiency  curves  indi- 
cates that  the  leakage  was  not  sufficient  to  detract  from  any  of  the 
conclusions  drawn  from  the  data.  A  discussion  of  the  method  of  calcula- 
tion for  the  efficiency  used  in  Fig.  9  may  be  found  in  the  Appendix. 
The  curves  in  Figs.  12  to  15  inclusive  show  the  relation  existing 


Table  8. 
Boiler  Performance. 


Test 
Number 

Horse  Power 
Developed 

Builder's 

Rating, 

Horsepower 

Percentage 
of  Builder's 

Rating 
Developed 

Water 

Apparently 

Evaporated 

per  Lb.  of 

Coal  as 

Fired. 

Lb. 

Equivalent  Evaporation  from 
and  at  212°.     Lb. 

Per  Lb. 

of  Coal 
as  Fired 

Per  Lb. 

of  Dry 
Coal 

Per  Lb.  of 

Combustible 

Consumed 

Col.  No. 
a 
b 

51 

65 

115 

52 

66 

116 

53 

67 

117 

54 

68 

118 

55 

69 

119 

56 

70 

120 

57 

71 

121 

1 

333.4 

508 

65.7 

6.17 

6.81 

8.30 

11.48 

2 

269.2 

u 

53.0 

6.13 

6.73 

8.15 

10.92 

3 

272.7 

a 

53.7 

5.81 

6.39 

7.66 

10.49 

4 

275.1 

■ 

54.2 

5.61 

6.22 

7.55 

9.68 

5 

476.4 

a 

93.8 

6.17 

6.78 

8.24 

10.51 

6 

460.9 

■ 

90.8 

6  15 

6.80 

8.23 

10.67 

7 

439.0 

u 

86.5 

5.75 

6.33 

7.55 

9.51 

8 

444.9 

it 

87.6 

5.49 

5.92 

7.09 

9.22 

9 

387.9 

a 

76.4 

5.67 

6.25 

7.40 

9.15 

10 

554.4 

u 

109.1 

6.12 

6.78 

8.13 

9.88 

11 

569.6 

a 

112.1 

5.37 

5.86 

6.91 

9.69 

12 

572.7 

a 

112.7 

5.73 

6  24 

7.47 

9.68 

13 

589.0 

I 

115.9 

6.44 

7.12 

8.55 

11.05 

14 

555.9 

u 

109.4 

6.19 

6.80 

8.13 

10.48 

15 

506.6 

u 

99.7 

6.21 

6.72 

7.93 

10.27 

16 

644.3 

u 

126.8 

5.92 

6.46 

7.64 

9.59 

17 

608.5 

u 

119.8 

5.99 

6.46 

7.63 

9.99 

18 

596.4 

a 

117.4 

5.80 

6.32 

7.47 

10.18 

19 

768.6 

a 

151.3 

6.72 

7.40 

8.59 

10.54 

20 

568.5 

a 

111.9 

5.44 

5.91 

7.43 

9.19 

21 

557.2 

u 

109.7 

4.82 

5.32 

6.82 

8.83 

22 

727.1 

a 

143.1 

6.69 

7.21 

8.23 

10.25 

23 

509.6 

a 

100.3 

5.65 

6.24 

7.52 

9.59 

24 

655.0 

a 

128.9 

5.80 

6.34 

7.93 

9.55 

between  the  various  efficiencies  and  capacity  or  load  in  boiler  horse 
power.  They  bring  out  about  the  same  facts  as  those  already  discussed. 
On  the  whole,  the  over-all  efficiencies  obtained  are  not  surprisingly 
high.  Under  normal  conditions  of  load  and  fire  the  over-all  efficiency 
averaged  about  65  per  cent.  As  stated  before,  however,  no  attempt  was 
made  to  obtain  record  tests,  so  that  this  represents  the  actual  operating 
efficiency  and  as  such  is  in  accord  with  good  practice.  A  study  of 
column  60  in  Table  9  will  show  that  the  efficiency  of  the  furnace  and 
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grate  was  fairly  constant  for  all  loads  and  depths  of  fuel  bed.  Column 
61  indicates  that  the  loss  in  efficiency  at  higher  loads  was  due  to  reduced 
lnat  absorption  by  the  boiler.     Also,  a  comparison  of  the  values  in  this 
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Fig.   12.    Relation   Between  Load  and  Efficiency  of  Boiler,   Furnace,  and 

Grate. 
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Fig.   13.    Relation   Between   Load  and  Efficiency  of   Boiler   and   Furnace, 

Excluding  Grate. 
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Fig.  14.    Relation  Between  Load  and  Efficiency  of  Boiler,  Excluding  Fur- 
nace and  Grates. 
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Fig.    15.     Relation   Between   Load   and   Efficiency   of   Furnace. 


column  with  the  temperature  of  the  flue  gas  given  in  column  18,  Table  2, 
indicates  that  in  general  the  lower  boiler  efficiencies  correspond  with 
the  higher  temperatures. 

The  curves  in  Fig.  16  give  the  drafts  throughout  the  boiler  setting. 
The  positions  plotted  as  abscissae  refer  to  the  draft  gage  positions  indi- 
cated in  Fig.  1.  It  may  be  noticed  that  there  is  an  unexpected  drop  in 
the  curves  at  positions  4  and  6.  At  first  it  was  supposed  that  this  was 
due  to  error  either  in  the  gage  itself  or  in  the  position  of  the  tube.  All 
the  gages  were  then  calibrated  and  found  to  be  well  within  the  limits  of 
accuracy.  The  positions  of  the  tubes  were  also  changed,  and  they  were 
moved  backward  and  forward  across  the  channels,  with  the  same  result 
each  time.  On  comparing  the  cross-sectional  areas  of  the  various  passes 
it  was  found  that  the  area  at  point  4  was  greater  than  that  at  point  3. 
Also  that  the  wall  forming  part  of  the  last  pass  was  corbeled  so  that 
the  area  at  point  6  was  greater  than  that  at  point  5.  This  peculiarity 
in  the  curves,  therefore,  has  been  attributed  to  the  dynamic  effect  of  the 
flowing  gases. 

Kef  erring  to  Fig.  IT,  it  may  be  seen  that  the  reading  of  a  draft 
gage  (h'j),  when  connected  to  a  chamber  in  which  the  pressure  is  less 
than  atmospheric,  indicates  the  difference  between  the  barometric  pres- 
sure (H)  and  the  true  pressure  or  static  head  (h3)  measured  above 
absolute  zero.  If  a  Pitot  tube  is  placed  at  the  same  point,  and  there  is 
a  flow  of  gas,  the  velocity  head  (h3)  will  add  to  the  static  head  (hx),  and 
the  reading  of  the  Pitot  tube  (h'2)  will  be  less  than  that  of  the  draft 
gage  (h'i).  According  to  Bernouilli's  theorem,  the  total  head  at  any 
point  is  the  pressure  head,  plus  the  velocity  bead,  plus  the  head  lost  up 
to  that  point.     The  atmospheric  pressure  (H)  is  the  total  head  in  this 
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case,  and  h2  is  the  sum  of  the  pressure  and  velocity  heads.  Therefore 
h\  must  represent  the  lost  head  or,  in  other  words,  the  friction  head. 
Proceeding  from  the  front  of  the  furnace  to  the  breeching  the  quantity 
h'2  increases  more  or  less  uniformly,  and,  since  it  is  a  loss,  it  would  deduct 
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Fig.  16.    Drafts  Throughout  the  Boiler  Setting. 


from  the  value  of  hx  and  increase  the  gage  reading  (h\).  In  view 
of  this  fact,  the  natural  expectation  would  be  to  find  the  gage  readings 
increasing  for  the  successive  positions  from  the  furnace  to  the  breeching. 
Any  decrease  in  velocity  head  (h3),  however,  goes  into  an  increase  in 
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pressure  head  (hj  and  therefore  makes  the  gage  reading  (h\)  less. 
Consequently,  if  a  material  increase  in  section,  or  reduction  of  gas  volume 
occurs  at  any  point,  the  decreased  velocity  head  might  diminish  h\ 
enough  to  make  it  read  less  than  the  gage  preceding  it.  This  explains 
the  dip  in  the  curves  at  positions  4  and  6  in  Fig.  16,  since  at  position  4 
there  was  an  increase  in  section  over  that  at  position  3,  and  also 
at  position  6  over  that  at  position  5.     It  may,  therefore,  be  seen  that 
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Fig.  17.    Draft  Readings. 


the  practice  of  subtracting  draft  gage  readings  and  calling  the  result  the 
friction  loss  is  incorrect  unless  the  area  of  cross-section  is  the  same  at 
both  points  where  the  readings  were  taken.  If  this  is  not  true  a  correc- 
tion for  velocity  should  be  made. 

Three  factors  determine  the  amount  of  draft  necessary.  They  are 
the  thickness  of  fire,  the  amount  of  dust  in  the  coal,  and  the  horsepower 
developed.  Taking  each  load  separately  it  may  be  seen  from  Fig.  16 
that  the  9V2~in-  fire  invariably  required  the  maximum  draft  for  any 
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given  load.  With  the  thinner  fires  sometimes  one  and  sometimes 
another  required  more  draft,  depending  largely  upon  the  amount  of  dust, 
and  slightly  varying  horsepower;  conditions  that  seemed  to  affect  the 
thinner  fires  to  a  larger  extent  than  the  thicker  ones. 

The  curves  in  Fig.  18  show  the  relation  existing  between  the  draft 
loss  from  the  ash-pit  to  the  furnace,  and  the  coal  burned  per  square  foot 
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18.    Relation    Between    Draft   Loss    From    Ash- Pit   to    Furnace,   and 
Coal  Burned  per  Sq.  Ft.  of  Grate  Surface  per  Hour  With 
Varying  Thickness  of  Fire. 


of  grate  surface  per  hour  with  varying  thickness  of  fire.  The  amount  of 
dust  in  the  coal  influences  a  number  of  these  points  to  some  extent.  For 
instance,  on  test  No.  12  the  coal  had  a  large  percentage  of  dust.  Points 
17  and  19  were,  therefore,  given  more  weight  in  determining  the  end 
of  the  curve.  From  these  curves  it  is  evident  that  between  the  limits 
of  24  to  32  pounds  per  square  foot  of  grate  surface  and  with  a  normal 
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thickness  of  fire  of  about  T1/^  inches,  it  requires  a  draft  of  approximately 
0.01  in.  of  water  per  lb.  of  coal  per  square  foot  of  grate  surface  per 
hour  to  burn  Illinois  screenings.  This  figure  increases  slightly  at  higher 
rates  of  combustion.  With  fires  above  8  inches  in  thickness,  the  draft 
necessary  for  the  coal  to  bum  at  a  given  rate  becomes  high  enough  to 
cause  excessive  air  leakage,  and  it  increases  very  rapidly  with  higher 
rates  of  combustion.  The  same  draft  required  for  the  combustion  of  38 
lb.  of  coal  per  square  foot  per  hour  with  a  7-inch  fire  is  only  sufficient  for 
the  combustion  of  24  lb.  per  square  foot  per  hour  with  a  91/>-irich  fire. 
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Fig.   19.     Relation   Between   Load  and  Coal   per   So.   Ft.  of  Grate   Surface 

per  Hour. 


Fig.  19  shows  the  relation  between  rate  of  combustion  and  the  horse- 
power developed.  This  relation  may  be  represented  by  a  straight  line. 
The  fact  that  the  heating  values  of  the  coal  varied  somewhat,  and  also, 
that  it  was  impossible  to  run  all  the  tests  with  the  tubes  in  exactly  the 
same  condition  as  regards  soot  deposits,  tends  to  throw  some  of  the  points 
off  of  the  curve. 

Fig.  20  gives  the  draft  requirements  for  a  given  horsepower  using 
different  thicknesses  of  fire.  These  curves  necessarily  assume  the  same 
form  as  those  in  Fig.  18,  since  the  load  is  a  straight  line  function  of  the 
rate  of  combustion.     The  points  do  not  fall  on  these  curves  as  they  do 
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Fig.  20.    Relation  Between  Load  and  Draft  in  Furnace. 


on  those  of  Fig.  18,  however,  because  some  factors  such  as  soot  on  the 
tubes  and  the  variable  heating  value  of  the  coal  influence  the  horsepower 
developed  and  do  not  influence  the  rate  of  combustion.  Also  they  were 
plotted  using  draft  over  the  fire  instead  of  the  difference  between  this 
and  the  draft  in  the  ash  pit. 

18.  Excess  Air. — The  curves  in  Fig.  21  give  the  relations  between 
excess  air,  thickness  of  fire,  and  load.  There  are  a  number  of  other 
factors  which  affect  the  excess  air,  and  the  curves  shown  are  at  best  only 
approximate.  They  are  influenced  by  draft  conditions,  which  in  turn 
are  somewhat  dependent  upon  the  dust  content  of  the  coal.  For  instance, 
it  required  practically  the  same  draft  to  give  %  load  on  test  No.  9  as  it 
did  to  give  full  load  on  test  No.  15,  due  to  the  fact  that  on  the  former 
the  dust  content  was  higher  than  on  the  latter.  This  placed  point  9 
practically  on  the  full  load  curve.  In  tests  Nos.  11,  12,  and  14  the  dust 
was  high,  while  in  Nos.  10  and  13  it  was  normal.  Hence  more  weight 
was  given  to  the  latter  points  in  drawing  the  curves. 

Taking  the  curve  for  each  load  separately  it  is  evident  that  the 
percentage  of  excess  air  decreases  to  a  minimum  and  then  increases  again 
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Fig.  21.    Relation  Between  Thickness  of  Fire  and  Excess  Air  at  Furnace. 

as  the  thickness  of  fire  increases.  These  minimum  points  correspond 
very  closely  to  the  maximum  ones  shown  on  the  efficiency  curves  in  Figs. 
7  to  11.  With  thin  fires  there  is  a  marked  tendency  toward  the  forma- 
tion of  holes  in  the  fuel  bed,  through  which  an  excessive  amount  of  air 
can  pass.  Also  the  entire  fuel  bed  is  more  open  and  porous,  and  the 
small  channels  formed  by  the  voids  are  shorter.  Hence  the  air  is  not 
brought  into  as  intimate  contact  with  the  incandescent  surface  of  the 


32  ILLINOIS  ENGINEERING  EXPERIMENT  STATION 

coal  as  it  otherwise  would  be.  When  the  thickness  of  the  fire  is  increased 
the  passage  becomes  more  tortuous  and  thus  a  larger  proportion  of  the 
volume  of  air  passing  through  the  fuel  bed  comes  into  contact  with  the 
surface  of  the  coal.  At  the  same  time  the  total  area  of  the  incandescent 
surfaces  increases.  Hence  the  excess  air  decreases.  As  the  depth  of 
fuel  bed  increases,  however,  the  ash,  as  it  forms,  interferes  more  with 
the  processes  of  combustion.  At  a  thickness  of  about  7%  inches  it 
appears  that  the  ash  begins  to  protect  the  incandescent  surface  from  the 
action  of  the  air,  thus  reducing  the  total  area  exposed  and  serving  to 
mitigate  the  effect  gained  b}r  the  increased  turbulence  of  the  air.  There- 
fore, increasing  the  deptli  of  fuel  on  the  grate  beyond  this  point  results 
in  an  increase  in  the  per  cent  of  excess  air. 

Inspection  of  the  curves  in  Fig.  21  will  show  that  for  fires  less  than 
7!/2  inches  thick,  the  excess  air  increases  when  the  load  or  rate  of  com- 
bustion is  increased  if  a  constant  depth  of  fuel  bed  is  maintained,  while 
for  fires  above  7%  inches  thick  the  reverse  is  true.  When  the  load  is 
made  greater  a  larger  volume  of  air  is  drawn  through  the  fuel  bed. 
That  part  actually  coming  into  contact  with  the  fuel  also  increases,  but, 
in  the  case  of  thin  fires,  not  so  rapidly  as  the  total.  Hence  in  this  case 
the  excess  air  will  increase  with  load.  As  the  fires  become  thicker  the 
part  coming  into  contact  is  a  larger  proportion  of  the  whole  and  it  is 
not  necessary  to  increase  the  total  volume  as  much  in  order  to  obtain 
a  given  rate  of  combustion.  At  about  8  inches  the  tendency  for  the  ash 
to  choke  the  fuel  bed  becomes  manifest  and  with  fires  above  this  thick- 
ness, when  the  draft  is  made  greater,  the  increased  velocity  of  the  air 
tends  to  sweep  the  surfaces  clean  and  to  permit  better  combustion.  Hence 
the  percentage  of  excess  air  is  apt  to  be  lower  at  the  higher  rates  when 
using  thick  fires. 

The  trend  of  these  curves  is  also  influenced  somewhat  by  air 
leakage  along  the  sides  and  at  the  back  of  the  stoker.  This  would  have 
had  a  more  marked  effect  when  the  heavier  drafts  were  used.  A  study  of 
the  per  cent  C02  at  the  furnace,  however,  from  which  the  excess  air  was 
calculated  will  prove  that  this  was  at  no  time  excessive.  On  all  but  two 
of  the  tests  the  C02  ran  from  8  to  13  per  cent,  representing  an  excess 
of  from  100  to  25  per  cent,  and  in  most  cases  was  about  50  per  cent. 

In  Fig.  22  the  percentage  of  C02  in  the  flue  gas  has  been  plotted 
against  the  excess  air  expressed  in  per  cent.  Most  of  the  points  for 
this  curve  were  taken  from  the  analvsis  of  the  gas  at  the  furnace,  a 
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Fig.  22.    Relation  Between  Excess  Air  and  CO2  in   Gas. 

few  of  the  analyses  at  the  flue  being  used,  however,  to  establish  some 
of  the  more  remote  points. 

The  theoretical  curve  shown  in  Fig.  22  was  calculated  from  the 
following  analysis,  which  was  obtained  by  averaging  the  analyses  for 
tests  1  to  18  inclusive: 

C=65.77%,  H2=4.17%,  02=6.27%,  N2=1.65%,  S=-i.52%,  and  Ash= 
17.62%.  On  the  assumption  that  complete  combustion  took  place,  a 
gas  analysis  was  computed  for  the  above  coal  using  100,  75,  50,  and  25  per 
cent  excess  air,  the  results  of  which  are  shown  as  a  dotted  line  in  Fig.  22. 

The  fact  that  the  curve  plotted  from  the  analyses  so  closely  parallels 
the  theoretical  curve  may  he  taken  as  an  indication  of  the  accuracy  of 
the  gas  analyses  made  on  the  tests.  The  explanation  for  the  theoretical 
curve  falling  above  the  other  lies  in  the  fact  that  some  of  the  carbon 
in  the  coal  actually  used  went  through  the  grates,  some  went  to  form  soot 
and  a  small  amount  to  form  CO.  This  made  the  carbon  actually  appear- 
ing in  the  gas  per  lb.  of  coal  about  5  per  cent  lower  than  that  used  for 
the  theoretical  curve. 

An  inspection  of  the  curve  will  show  that  all  of  the  points  in  the 
group  representing  about  35  per  cent,  or  the  minimum  excess  air,  were 
obtained  from  7-inch  fires.  Of  those  in  the  50  per  cent  excess  air  group, 
4  were  obtained  from  6-inch,  one  from  7-inch,  and  one  from  8-inch  fires. 
This  seems  to  verify  the  conclusion  that  a  fire  approximately  7  inches 
thick  is  the  best  to  use  for  this  kind  of  coal. 

19.  C02  and  CO  Relations. — In  Fig.  23  the  02  in  the  flue  gas  is 
plotted  against  per  cent  excess  air.     This  gives  the  same  results  as  Fig. 
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22,  and  of  the  two,  the  latter  is  the  more  valuable,  since  readings  of  C02 
may  be  easily  obtained  in  practice,  while  02  is  not  so  readily  determined. 
This  curve,  however,  is  given  to  serve  as  a  check  on  the  C02  curve. 
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Fig.  24  was  plotted  in  an  attempt  to  obtain  a  relation  between  the 
thickness  of  the  fire  and  the  percentage  of  C02.  The  latter  seems  to  have 
a  tendency  to  reach  a  maximum  on  the  7-inch  fire,  from  which  point  it 
falls  off  rapidly  as  the  thickness  of  the  fire  is  increased. 

In  Figs.  25  and  26,  the  points  fall  with  sufficient  irregularity  to  re- 
quire a  slight  stretch  of  the  imagination  in  order  to  draw  a  curve.    They 
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seem  to  indicate  straight  line  relations,  however,  the  points  being  about 
equally  distributed  on  both  sides  of  a  straight  line. 

Fig.  25  indicates  that  the  air  leakage  through  the  setting  is  roughly 
proportional  to  the  draft  over  the  fire.  This  curve  is  affected  by  the 
variation  in  the  pounds  of  gas  per  pound  of  coal,  which  is  in 
turn  influenced  by  a  number  of  factors  previously  discussed. 

In  Fig.  26  the  loss  due  to  air  leakage  is  plotted  against  the  difference 
in  the  C02  readings  at  the  furnace  and  at  the  flue.    This  curve  is  also 
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affected  by  the  variation  in  the  pounds  of  gas  per  pound  of  coal,  but  it 
shows  the  importance  of  stopping  all  the  air  leaks. 

An  attempt  was  made  to  find  a  relation  between  the  loss  due  to 
excess  air  and  the  loss  due  to  CO  formed,  but  it  was  found  impossible  to 
deduce  such  a  relation  from  the  data  obtained. 

The  curves  in  Fig.  27  and  Fig.  28,  however,  have  been  calculated 
by  making  use  of  the  coal  analysis  given  under  the  discussion  of  Fig. 
22.  This  analysis  is  fairly  representative  of  the  coals  used.  From  these 
curves  some  idea  may  be  gained  of  the  relation  between  the  losses  caused 
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Fig.  27.    Loss  Caused  by  Excess  Air. 


by  excess  air  and  CO.  Fig.  27  has  been  calculated  for  the  different  flue 
gas  temperatures  indicated,  on  the  assumption  that  the  gases  enter  the 
furnace  at  75°  F.,  and  that  the  temperature  of  the  flue  gas  would  be 
the  same  for  the  different  percentages  of  excess  air. 

Assume  that  under  certain  operating  conditions  11.5  per  cent  C02 
is  being  obtained,  and  that  there  is  no  trace  of  CO  in  the  gas.  Eeference 
to  Fig.  22  will  show  that  40  per  cent  excess  air  is  being  used.  Assume 
that  the  air  supply  is  cut  down,  and  when  the  per  cent  of  C02  becomes 
11.9,  indicating  35  per  cent  excess  air,  a  trace  of  CO  begins  to  appear. 
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If  the  air  supply  is  further  reduced,  so  that  the  per  cent  of  C02  becomes 
12.9,  indicating  that  only  25  per  cent  excess  air  is  being  used,  reference 
to  Fig.  27  will  show  that  the  loss  has  heen  cut  down  from  2.61  per  cent 
when  using  35  per  cent  excess  air,  with  the  flue  gas  at  500°  F.,  to  1.88 
per  cent  when  using  25  per  cent  excess,  with  the  flue  gas  at  the  same 
temperature,  giving  a  difference  of  0.73. 
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From  Fig.  28  the  percentage  of  CO  which  represents  a  loss  equal 
to  0.73  is  0.19  when  25  per  cent  excess  air  is  being  used.  Hence,  in  the  case 
assumed,  if  0.19  or  more  of  CO  appears  in  the  gas  when  the  excess  air  is 
reduced  from  35  per  cent  to  25  per  cent,  the  gain  from  reducing  the  air 
supply  is  more  than  offset  by  the  loss  due  to  the  formation  of  CO. 

For  every  furnace  and  for  every  coal,  therefore,  there  will  be  well 
denned  limits  beyond  which  the  air  supply  can  not  be  reduced  without 
causing  a  greater  loss  due  to  incomplete  combustion.  Just  how  much  CO 
is  permissible  for  any  given  coal  and  installation  may  be  determined  by 
plotting  a  set  of  curves  similar  to  the  above,  and  by  finding  by  experi- 
ment at  what  value  of  C02  a  trace  of  CO  begins  to  appear. 

Fig.  29  gives  the  relation  between  loss  due  to  combustible  in  ash  and 
loss  due  to  excess  air.  This  is  influenced  by  so  many  factors,  and  the 
points  fall  so  irregularly  that  it  is  impossible  to  draw  any  very  exact 
conclusions  from  it.  The  general  tendency  shown  by  the  points  may  be 
fairly  well  represented  by  the  straight  line.  This  shows  that  for  the 
chain  grate  stoker  the  tendency  is  for  the  loss  due  to  excess  air  to  in- 
crease as  the  combustible  in  the  ash  is  decreased,  and  that  the  sum  of  the 
losses  remains  fairly  constant  at  from  12  to  14  per  cent.     This  means 


I 

I 

o 

-J 


// 

10 

C 

4 

ue 

9 

-o  £LO 

ad 

\D9 

a 

7 

-JL 

\/5A 

u  |  Load 

a  Full  1  nnrl 

/6« 

KfL' 

•  liLoad 

6 

d* 

5 
4 

/0A 

7d\ 

\J7 

5 

□ 

S 

\« 

0 

3 

Z 

/ 

o 

A/J 

2 

6D 

/ 
0 

01         234  56769         10        II 

I055  Due  to  Combustible  in  dsh  (Percent) 

Fig.  29.    Relation  Between  Loss  Due  to  Combustible  in  Ash  and  Loss  Due 

to  Excess  Air. 


KRATZ — A    STUDY    OF    BOILER    LOSSES 


39 


that  in  order  to  reduce  the  carbon  appearing  in  the  ash  it  is  necessary  to 
increase  the  air  supply,  which  in  turn  entails  a  corresponding  loss.  It 
is  probable  that  the  combustible  loss,  being  a  visible  one,  will  cause  more 
concern  than  the  invisible  excess  air  loss,  but  the  above,  in  some  measure, 
indicates  the  futility  of  trying  to  cut  down  on  the  former  at  the  expense 
of  the  latter.    Since  this  conclusion  is  based  entirely  upon  data  obtained 

Table  9. 
Efficiency. 


Efficiency, 

Per  Cent 

Test 

Number 

Of  Boiler 

Of  Boiler, 

Over-all 

and  Furnace 

Furnace 

Of  Furnace 

Of  Boiler 

Of  Furnace 

Based  on 

Excluding 

and  Grates 

and  Grates 

Zero  Air 

Grates 

Leakage 

Col.  No. 

58 

59 

60 

61 

62 

63 

a 

72 

73 

b 

123 

124 

127 

128 

130 

133 

1 

78.58 

73.36 

78.07 

93.97 

83.82 

74.85 

2 

74.17 

68.55 

76.46 

89.66 

82.80 

69.69 

3 

71.10 

63.92 

74.27 

86.06 

82.74 

65.35 

4 

65.80 

62.01 

74.54 

83.20 

79.26 

62.92 

5 

70.92 

67.01 

80.00 

83.75 

84.72 

69.68 

6 

71.72 

66.85 

80.10 

83.46 

85.99 

68.09 

7 

63.75 

59.05 

77.55 

76.14 

83.81 

59.76 

8 

62.09 

58.20 

76.92 

75.66 

82.16 

61.08 

9 

61.49 

58.42 

77.80 

75.09 

81.87 

61.74 

10 

66.34 

63.96 

82.04 

77.95 

85.16 

65.48 

11 

65.40 

61.21 

79.33 

77.16 

84.79 

64.16 

12 

65.59 

60.67 

78.07 

77.71 

84.49 

64.59 

13 

75.36 

69.87 

79.15 

88.27 

85.59 

71.35 

14 

70.32 

64.75 

77.97 

83.04 

84.76 

66.04 

15 

69.45 

65.50 

78.40 

83.54 

83.22 

68.41 

16 

64.71 

60.84 

79.23 

76.79 

84.26 

63.75 

17 

67.68 

62.11 

78.15 

79.48 

85.18 

65.45 

18 

69.28 

63.19 

77.53 

81.50 

85.16 

68.16 

19 

70.71 

66.04 

80.05 

82.50 

85.73 

68.60 

20 

66  21 

64.50 

78.62 

82.03 

80.83 

67.24 

21 

67.44 

63  05 

75.85 

83.12 

81.99 

66.62 

22 

70.71 

65.98 

79.33 

83  18 

85.21 

68.87 

23 

66.90 

60.04 

72.46 

82.86 

81.14 

63.75 

24 

67.22 

64.20 

80.40 

79.86 

84.44 

67.66 

from  a  chain  grate  it  is  impossible  to  state  whether  or  not  it  will  hold 
for  other  types  of  stokers  or  methods  of  firing. 

20.  Heat  Balance. — The  heat  balance  as  used  on  these  tests  has 
been  based  on  one  pound  of  dry  coal  and  has  been  considerably  extended 
over  the  one  given  in  the  A.  S.  M.  E.  code. 

In  considering  the  question  of  steam  generation,  there  are  two  sepa- 
rate processes  which  require  attention.  First,  the  heat  must  be  evolved 
from  the  coal,  and  second,  it  must  be  absorbed  by  the  water.    The  first 
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Is  the  function  of  the  furnace  and  the  second  is  a  function  of  the  boiler. 
Each  of  these  processes  entails  losses,  some  of  which  are  mutually  inde- 
pendent and  some  of  which  arc  more  or  less  dependent  one  upon  the  other. 
Since  the  efficiency  of  the  unit  should  be  the  product  of  the  efficiency  of 
the  furnace  and  the  efficiency  of  the  boiler  alone,  it  is  evident  that  all 

Table  10. 
Weight  of  Air  and  Gases  per  Lb.  of  Dry  Coal. 


Weight  of  Gas,  Lb. 

Weight  of  Air,  Lb. 

Weight  of  Ex- 
cess Air,  Lb. 

Per  Cent 
Excess  Air 
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Col.  No. 

64 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74 

3. 

b 

153 

162 

168 

174 

177 

180 

181 

182 

184 

183 

185 

1 

8.76 

12.64 

14.41 

8.35 

12.37 

14.30 

1.93 

4.02 

5.95 

48.14 

71.26 

2 

9.23 

15.05 

16.57 

8.78 

14.73 

16.38 

1.65 

5.95 

7.60 

67.77 

86.56 

3 

9.29 

14.45 

16.59 

8.84 

14.21 

16.45 

2.24 

5.37 

7.61 

60.75 

86.09 

4 

9.49 

22.58 

23.94 

9.04 

22.25 

23.68 

1.43 

13.21 

14.64 

146.13 

161.95 

5 

9.52 

13.73 

17.04 

9.06 

13.45 

16.81 

3.36 

4.39 

7.75 

48.45 

*5.54 

6 

9.48 

12.37 

13.95 

9.03 

12.02 

13.73 

1.71 

2.99 

4.70 

33.11 

52.05 

7 

9.90 

15.92 

16.91 

9.43 

15.63 

16.67 

1.04 

6.20 

7.24 

65.75 

76.78 

8 

9.39 

18.97 

22.71 

8.95 

18.72 

22.54 

3.82 

9.77 

13.59 

109.16 

151.84 

9 

9.80 

19.06 

23.75 

9.34 

18.76 

23.49 

4.73 

9.42 

14.15 

100.85 

151.50 

10 

9.84 

14.88 

16.74 

9.38 

14.54 

16.46 

1.92 

5.16 

7.08 

55.01 

75.48 

11 

8.86 

14.49 

17.57 

8.40 

14.29 

17.43 

3.14 

5.89 

9.03 

70.12 

107.50 

12 

9.60 

14.99 

19.34 

9.14 

14.76 

19.20 

4.44 

5.62 

10.06 

61  49 

110.06 

13 

9.60 

12.63 

14.39 

9.15 

12.35 

14.14 

1.79 

3.20 

4.99 

34.97 

54.54 

14 

9.68 

14.08 

15.63 

9.21 

13.84 

15.47 

1.63 

4.63 

6.26 

50.28 

67.97 

15 

9.37 

17.45 

20.84 

8  92 

17.13 

20.64 

3.51 

8.21 

11.72 

92.04 

131.39 

16 

9.73 

16.42 

19.91 

9.27 

16.09 

19.68 

3.59 

6.82 

10.41 

73.57 

112.30 

17 

9.65 

14.09 

17.82 

9.18 

13.71 

17.57 

3.86 

4.53 

8.39 

49.35 

91.39 

18 

9.22 

13.12 

18.38 

8.78 

12.84 

18.23 

5.39 

4.06 

9.45 

46.24 

107.63 

19 

9.89 

12.95 

15.83 

9.49 

12.65 

15.55 

2.90 

3.16 

6.06 

33.30 

63.86 

20 

8.45 

19.13 

22.11 

8.03 

18.82 

21.79 

2.79 

10.79 

13.76 

134.37 

171.35 

21 

8.44 

12.57 

15.96 

7.99 

12.19 

15.66 

3.47 

4.20 

7.67 

52.56 

96.00 

22 

9.68 

14.58 

17.91 

9.23 

14.37 

17.61 

3.24 

5.14 

8.38 

55.69 

90.80 

23 

9.63 

17.66 

21.77 

9.19 

17.20 

21.45 

4.25 

8.01 

12.26 

87.16 

133.40 

24 

9.54 

14.56 

18.41 

9.08 

14.10 

18.08 

3.9S 

5.02 

9.00 

55.28 

99.12 

losses  should  be  tabulated  under  but  two  heads,  viz.,  boiler  losses  and  fur- 
nace losses. 

Since  it  requires  a  difference  in  temperature  between  the  hot  gases 
and  the  water  for  any  heat  to  flow  from  the  former  into  the  latter,  it  is 
manifestly  impossible  to  utilize  any  of  the  heat  remaining  in  the  gases 
after  their  temperature  has  fallen  below  the  temperature  of  the  steam, 
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and  hence  of  the  water  in  the  boiler.  This  introduces  a  set  of  unavoid- 
able losses.  In  considering  these  unavoidable  losses,  and  the  loss  due  to 
excess  air  taken  in  at  the  furnace,  it  was  not  entirely  self-evident  under 
which  head  they  logically  belonged.  Owing  to  reasons  which  will  sub- 
sequently  be  discussed,  the  following  division  was  finally  decided  upon 
as  being  the  most  convenient: 

DEBIT. 

1.  Heat  supplied  by  one  pound  of  dry  coal. 

CREDIT. 

2.  Heat  absorbed  by  boiler. 

Furnace  Losses  (unavoidable). 

3.  Loss  due  to  heat  in  theoretical  weight  of  dry  gas  required  for 
complete  combustion,  up  to  the  temperature  of  the  steam  in  the  boiler. 

4.  Loss  due  to  moisture  in  the  coal,  up  to  the  temperature  of  the 
steam. 

5.  Loss  due  to  moisture  formed  from  H2  in  the  coal,  up  to  the 
temperature  of  the  steam. 

6.  Loss  due  to  moisture  in  the  air,  up  to  the  temperature  of  the 
steam. 

Furnace  Losses  (controllable). 

7.  Loss  due  to  excess  air  up  to  the  temperature  of  the  steam  in 
the  boiler. 

8.  Loss  due  to  CO  formed. 

9.  Loss  due  to  combustible  in  the  ash. 

10.  Loss  due  to  high  temperature  of  the  ash. 

Boiler  Losses. 

11.  Loss  due  to  theoretical  weight  of  dry  gas  for  complete  com- 
bustion, above  the  temperature  of  the  steam  in  the  boiler. 

12.  Loss  due  to  moisture  in  coal,  above  the  temperature  of  the 
steam. 

13.  Loss  due  to  moisture  formed  from  H2  in  coal,  above  the  tem- 
perature of  the  steam. 

14.  Loss  due  to  moisture  in  the  air,  above  the  temperature  of  the 
steam. 

15.  Loss  due  to  excess  air,  above  the  temperature  of  the  steam. 

16.  Total  loss  due  to  air  leakage  into  the  boiler  setting. 

17.  Radiation,  conduction,  and  unaccounted-for  losses. 
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In  making  up  this  heat  balance,  excess  air  was  defined  as  the  air 
taken  into  the  furnace  in  excess  of  that  necessary  for  complete  combus- 
tion, and  was  determined  from  the  analysis  of  the  gas  at  the  furnace. 
Air  leakage  was  defined  as  the  air  leaking  into  the  gases  after  they  had 
passed  the  bridge-wall.  It  was  found  by  comparing  the  gas  analyses  at 
the  flue  and  at  the  furnace.  Therefore,  all  of  it  was  charged  against  the 
boiler. 

Table  11. 

Chemical  Analyses. 


Proximate  Analysis  of  Coal  as 
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Ultimate  Analysis  of  Dry  Coal 

u 

QJ 

+J 

■»j 

<u  +> 

+j 

"5.5  ■*> 

+j 

0)  t* 

+j 

G  ■£ 

-u 

4a 

P 

r*   G 

<L>  G 

£  c 

a 

tip     H     C 

e  G 

M  G 

r  G 

O)   3 

3  G 

a 

m 

5  <y 

.-h  a, 

3  <U 

<u 

3  rt   P   4> 

O  ^ 

C   <u 

00  v 

3  a> 

o 

•ago 
Sis" 

so 

S  >- 

O 

3  v  i?  <u 

h  u 

<Uf  ) 

oU 

.CO 
P. 

u 

S3  u 

it 

.5  rt  <u 

o  a> 

s£ 

W  <u 

cd  o 

K   <L> 

■  •2  <D 

rj    <U 

03    OJ 

H 

feOO. 

>fc 

<Oh 

CflCflQPn 

OPh 

Wcm 

OOh 

2Pn 

COOi 

<a* 

Col.  No. 

75 

76 
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79 

80 

81 

82 
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84 

85 

a 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

b 

38 

39 

41 

42 

43 

50 

51 

52 

53 

54 

55 

1 

30.50 

33.09 

17.89 

18.52 

4.29 

60.31 

4.06 

6.71 

1.13 

5.23 

22.56 

2 

32.63 

34.06 

17.41 

15.90 

4.11 

63.87 

4.10 

6.15 

1.65 

4.98 

19.25 

3 

33.34 

34.43 

16.56 

15.67 

4.13 

64.29 

4.13 

6.19 

1.66 

4.95 

18.78 

4 

33.01 

35.20 

17.58 

14.21 

3.81 

65.86 

4.23 

6.35 

1.70 

4.G2 

17.24 

5 

32.67 

35.68 

17.64 

14.02 

3.83 

66.02 

4.24 

6.36 

1.71 

4.65 

17.02 

6 

32.13 

36.31 

17.29 

14.27 

3.94 

65.74 

4.22 

6.33 

1.70 

4.76 

17.25 

7 

31.20 

40.75 

16.04 

12.01 

3.19 

69.03 

4.43 

6.65 

1.79 

3.80 

14.30 

8 

32.63 

35.93 

16.43 

15.01 

3.99 

65.13 

4.18 

6.27 

1.69 

4.77 

17.96 

9 

33.75 

38.16 

15.53 

12.56 

3.55 

68.22 

4.38 

6.57 

1.76 

4.20 

14.87 

10 

33.22 

37  96 

16.60 

12.22 

3.28 

68.63 

4.40 

6.61 

1.78 

3.93 

14.65 

11 

30.25 

34.36 

15.20 

20.19 

3.99 

61.96 

3.47 

4.52 

1.53 

4.71 

23.81 

12 

33.68 

36.01 

16.47 

13.84 

3.55 

66.75 

4.28 

6.43 

1.73 

4.25 

16.56 

13 

32.41 

37.16 

16.64 

13.79 

3.52 

66.79 

4.29 

6.43 

1.73 

4.22 

16.54 

14 

31.84 

38.66 

16.32 

13.18 

3.77 

67.21 

4.31 

6.48 

1.74 

4.51 

15.75 

15 

32.73 

36.66 

15.24 

15  37 

4.06 

64.97 

4.17 

6.26 

1.68 

4.79 

18.13 

16 

34.43 

37.23 

15.44 

12.90 

3.77 

67.67 

4.34 

6.52 

1.75 

4.46 

15.26 

17 

34.17 

36.29 

15.33 

14.21 

3.35 

67.59 

4.11 

6.06 

1.51 

3.95 

16.78 

18 

32.16 

35.85 

15.46 

16.53 

3.91 

63.92 

4.10 

6.16 

1.65 

4.62 

19.55 

19 

36.56 

38.61 

13.85 

10.98 

3.09 

67.75 

5.30 

8.54 

2.08 

3.59 

12.74 

20 

35.88 

30.23 

20  35 

13.54 

2.99 

59.19 

4.55 

13.44 

2.07 

3.75 

17.00 

21 

34.06 

30.35 

22.04 

13.55 

2.97 

58.87 

4.53 

13.25 

2.15 

3.81 

17.39 

22 

45.41 

29.92 

12.45 

12.22 

1.89 

68.04 

4.66 

8.79 

2.39 

2.16 

13.96 

23 

43.36 

29.09 

17.07 

10.48 

1.81 

67.75 

4.90 

10.77 

1.75 

2.19 

12.64 

24 

38.54 

30.99 

20.02 

10.45 

1.26 

67.62 

4.68 

10.59 

2.47 

1.58 

13.06 

On  the  basis  of  a  rigid  analysis,  regarding  the  furnace  as  being  en- 
tirely separate  from  the  boiler,  the  unavoidable  loss  might  have  been  in- 
cluded under  boiler  losses.  We  can  conceive  of  a  unit  so  built  that  the 
water  comes  into  it  at  room  temperature,  and  is  gradually  passed  through 
and  heated  up  to  steam  temperature.  In  this  kind  of  a  unit  the  gas 
might  also  be  made  to  leave  at  room  temperature.     In  this  hypothetical 
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apparatus  any  heat  in  the  coal  which  was  not  given  to  the  gas  would  be 
chargeable  to  the  furnace,  while  any  that  was  not  taken  from  the  gas 
down  to  room  temperature  would  be  charged  against  the  boiler.  This 
conception  leads  to  a  difficulty  with  the  excess  air.  The  amount  of  excess 
air  depends  upon  the  design  and  operation  of  the  furnace,  and  as  a  boiler 
furnace,  the  air  should  be  charged  against  it.     But  under  the  above 


Table  12. 
Chemical  Analyses  (Continued) 


B 

Analysis  of  Ash 

Analysis 

of  Dry  Gases  at  Furnace 

Analysis  of  Dry  Gases  at  Flue 
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93 
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a 

44 

45 

84 
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86 
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b 

56 

57 
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1 

22.84 

77.16 

10.69 

8.23 

0.23 

80.85 

9.34 

8.98 

0.18 

81.50 

2 

22.93 

77.07 

9.39 

9.94 

0.18 

80.49 

8.45 

10.49 

0.20 

80.86 

3 

34.67 
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9.43 

9.52 

0.24 

80.81 

8.18 

10.58 

0.20 

81.05 

4 

22.95 

77.05 

6.54 
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0.12 

80.16 

6.15 

13.47 

0.12 

80.26 

5 

21.49 
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80.94 

8.82 
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0.14 

80.89 

6 

23.55 

76.45 

12.20 

6.87 

0.06 

80.87 

10.74 

7.88 

0.05 

81.33 

7 

30.07 

69.93 

9.74 

9.31 

0.08 

80.87 

9.14 

9.82 

0.08 

80.96 

8 

26.36 

73.64 

7.80 

11.61 
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80.57 

6.45 

12.86 

0.05 

80.64 

9 
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75.63 

8.20 
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6.51 
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80.39 

10 

14.96 

85.04 

11.00 

8.14 

0.04 
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0.04 
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11 

21.86 

78.14 

9.78 

8.99 

0.05 

81.18 

8.03 

10.90 

0.02 

81.05 

12 

30.34 

69.66 

10.07 

8.75 

0.01 

81.17 

7.74 

11.21 

0.00 

81.05 

13 

27.12 

72.88 

12.03 

6.72 

0.05 

81.20 

10.49 

8.34 

0.05 

81.12 

14 

29.72 

70.28 

10.70 

8.06 

0.05 

81.19 

9.58 

9.03 

0.06 

81.33 

15 

23.10 

76.90 

8.54 

11.01 

0.04 

80.41 

7.10 

12.21 

0.04 

80.65 

16 

24.52 

75.48 

9.50 

9.91 

0.01 

80.58 

7.79 

11.46 

0.00 

80.75 

17 

30.72 

69.28 

10.78 

8.67 

0.04 

80.51 

8.44 

10.75 

0.03 

80.78 

18 

29.78 

70.22 

10.81 

8.18 

0.05 

80.96 

7.61 

11.39 

0.04 

80.96 

19 

20.81 

79.19 

12.02 

6.84 

0.03 

81.11 

9.75 

9.38 

0.02 

80.85 

20 

13.00 

87.00 

7.37 

12.34 

0.01 

80.28 

6.35 

13.50 

0.01 

80.14 

21 

31.08 

68.92 

10.58 

9.17 

0.07 

80.18 

8.22 

11.36 

0.09 

80.33 

22 

33.02 

66.98 

10.68 

7.95 

0.01 

81.36 

8.63 

10.75 

0.01 

80.61 

23 

55.20 

44.80 

8.23 

11.92 

0.04 

79.81 

6.63 

13.17 

0.03 

80.17 

24 

32.15 

67.85 

10.96 

8.84 

0.01 

80.19 

8.58 

10.93 

0.01 

80.48 

analysis  so  far  as  the  furnace  is  concerned  it  merely  takes  this  air  in  and 
heats  it.  All  the  heat  that  is  put  into  it  appears  in  the  gas  leaving  the 
furnace,  the  only  difference  being  that  there  is  a  larger  volume  at  a  lower 
temperature.  A  failure  to  utilize  this  heat  would  then  be  due  to  im- 
perfections in  the  boiler. 

The  arrangement  given  was,  therefore,  considered  the  more  practical, 
because  the  furnace  in  question  is  not  a  separate  piece  of  apparatus  for 
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the  purpose  of  heating  gases,  hut  is  an  integral  part  of  the  unit,  and  the 
heat  in  the  gas  below  steam  temperature  is  simply  not  available  any  more 
than  that  in  the  CO,  which  would  ignite  and  burn  if  it  were  not  cooled 
by  the  boiler  tubes.  On  this  basis  any  excess  air  taken  by  the  furnace 
would  increase  the  amount  of  heat  unavailable,  and  this  amount  should 

Table  13. 
Heat  Balance,  Based  on  1  Lb.  of  Dry  Coal. 


Test 
Number 


Col.  No. 
a 
b 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 


Heating 
Value  of 

1  Lb.  of 
Dry  Coal 

B.  t.  u. 


96 
50 
62 


10979 
11537 
11629 
11815 
11933 
11947 
12408 
11821 
12292 
12335 
10954 
11949 
11876 
12184 
11748 
12186 
11921 
11472 
12622 
11179 
10497 
12103 
12153 
11985 


Heat 

Absorbed 

by 

Boiler 

B.  t.  u. 


97 
186 


8054 
7909 
7433 
7327 
7996 
7986 
7327 


7181 

7889 
6705 
7249 
8297 
7889 
7695 
7414 
7404 
7249 
8336 
7210 
6618 
7986 
7297 
7695 


Furnace  Losses,  B.  t.  u.  per  Lb.  of  Dry  Coal 


Unavoidable  Loss,  up  to 
Temperature  of  Steam 


Due  to 
Theoret- 
ical 
Weight  of 
Dry  Gas 


98 
189 


Due  to 

Moisture 

in 

Coal 


99 
196 


Due  to 

H-2 

in 

Coal 


100 
198 


Controllable  Loss 


Due  to 

Excess 

Air 


101 


206 


Due  to 

CO 

in 

Gas 


102 
209 


Due  to 
Combust- 
ible 
in  Ash 


103 
211 


590 

257 

431 

271 

106 

617 

248 

434 

398 

135 

629 

234 

439 

364 

136 

623 

250 

446 

867 

118 

632 

252 

449 

292 

97 

637 

246 

447 

201 

28 

680 

226 

472 

426 

55 

616 

230 

441 

641 

47 

667 

217 

466 

641 

127 

676 

236 

469 

355 

28 

582 

210 

366 

387 

14 

647 

232 

454 

379 

0 

647 

235 

455 

216 

29 

662 

231 

459 

317 

39 

624 

211 

441 

547 

34 

662 

216 

461 

464 

0 

647 

213 

435 

304 

22 

607 

214 

432 

267 

30 

691 

191 

566 

221 

13 

568 

301 

482 

725 

9 

581 

335 

483 

290 

59 

652 

168 

494 

346 

7 

681 

245 

526 

568 

27 

640 
1 

295 

496 

337 

7 

753 
884 

1190 
704 
664 
819 
926 
753 
611 
451 
705 
909 
894 
976 
680 
728 
984 

1028 
836 
305 
787 
835 

1300 
574 


be  charged  against  the  furnace;  that  part  above  steam  temperature  not 
absorbed  by  the  boiler  should  be  charged  against  the  latter.  The  air 
leakage  loss  should  be  charged  to  the  boiler,  because  this  air  went  through 
the  setting,  and  not  through  the  furnace. 

This  treatment  might  have  been  made  slightly  more  rigid  by  in- 
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eluding  the  unavoidable  losses  as  a  separate  set  of  items  charged  up  to 
the  unit  as  a  whole,  but  in  this  case  the  efficiency  of  the  unit  would  not 
have  been  the  product  of  the  boiler  efficiency  and  furnace  efficiency.  Any 
arrangement  that  is  made,  however,  is  merely  a  matter  of  distribution 
and  in  no  way  affects  the  calculation  of  the  losses  themselves. 

Two  items  are  given  in  the  above  heat  balance  which  have  not  been 

Table  14. 
Heat  Balance  (Continued). 


Boiler  Losses,  B.  t.  u.  per  lb.  of  Dry  Coal 

Test 

Above  Temperature  of  Steam 

Due  to 

Air 
Leakage 

Radiation, 

Number 

Due  to 

Theoretical 

Weight  of 

Dry  Gas 

Due  to 

Moisture 

in 

Coal 

Due  to 

H2 

in 

Coal 

Due  to 

Excess 

Air 

Conduction 
and 

Unaccounted- 
for 

Col.  No. 
a 
b 

104 
216 

105 
218 

106 
219 

107 
221 

108 
224 

109 
226 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

203 
198 
177 
236 
447 
353 
417 
490 
463 
560 
596 
655 
429 
467 
466 
590 
608 
571 
645 
495 
515 
606 
553 
604 

11 
9 
8 
11 
21 
16 
17 
21 
18 
23 
25 
28 
19 
20 
19 
23 
24 
24 
23 
3L 
36 
19 
25 
33 

18 
16 
15 
20 
37 
29 
35 
41 
39 
47 
44 
55 
36 
39 
39 
49 
49 
48 
65 
50 
52 
55 
53 
56 

93 
127 
102 
329 
206 
112 
261 
509 
445 
293 
397 
383 
143 
224 
409 
414 
286 
251 
206 
635 
256 
322 
460 
318 

175 
146 
194 
129 
381 
179 
115 
450 
545 
241 
418 
603 
200 
190 
409 
462 
502 
688 
392 
374 
451 
421 
544 
519 

+      17 
+    416 
+     708 
+    755 
+    459 
+    894 
+  1451 
+     702 
+    872 
+  1067 
+    505 
+    355 
+    276 
+    671 
+     174 
+    703 
+    443 
+      63 
+    437 

-  6 
+      34 
+     192 

—  126 
+    411 

calculated  for  this  set  of  tests.  They  are  the  heat  loss  due  to  moisture 
carried  in  by  the  air,  and  the  heat  loss  due  to  the  temperature  of  the 
leaving  ash.  The  moisture  loss  forms  a  very  small  percentage,  and  can 
not  be  determined  with  any  very  great  degree  of  accuracy.  It  is  true  that 
the  relative  humidity  may  be  found  by  means  of  a  wet  and  dry  bull) 
hygrometer,  but  this  varies  through  a  considerable  range  in  different  parts 
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of  the  room,  and  is  so  affected  by  purely  local  conditions  that  it  was  not 
considered  of  much  importance. 

It  was  not  possible  to  obtain  a  satisfactory  temperature  of  the  ash. 
As  it  leaves  the  grate  the  ash  is  probably  in  the  neighborhood  of  1800° 
F.     Part  of  this  heat,  however,  is  given  back  to  the  setting  and  to  the 

Table  15. 
Heat  Balance  (Continued.) 


Test 

Number 


Col.  No. 
a 
b 


Heat 
Absorbed 
Per  Cent 


110 

227 


Furnace  Losses,  Per  Cent  of  Heat  in  Dry  Coal 


Unavoidable  Loss,  up  to 
Temperature  of  Steam 


Due  to 
Theoretical 
Weight  of 

Dry  Gas 


111 

228 


Due  to 

Moisture 

in 

Coal 


112 
229 


Due  to 

H2 

in 

Coal 


113 

230 


Controllable  Loss 


Due  to 

Excess 

Air 


114 

232 


Due  to 

CO 

in 

Gas 


115 
233 


Due  to 
Combusti- 
ble in 
Ash 


116 
234 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 


73.36 
68.55 
63.92 
62.01 
67.01 
66  85 
59.05 
58.20 
58.42 
63.96 
61.21 
60  67 
69.87 
64.75 
65.50 
60.84 
62.11 
63.19 
66.04 
64.50 
63.05 
65.98 
60.04 
64.20 


5.37 
5.35 
5.41 
5.27 
5.30 
5.33 
5.48 
5.21 
5.43 
5.48 
5.31 
5.41 
5.45 


5.08 
5.53 
5.39 
5.60 
5.34 


2.34 
2.15 
2.01 
2.12 
2.11 
2.06 
1.82 
1.95 
1.77 
1.91 
1.92 
1.94 
1.98 
1.90 
1.80 
1.77 
1.79 
1.87 
1.51 
2.69 
3.19 
1.39 
2.02 
2.46 


3.93 
3.76 
3.78 
3.77 
3.76 
3.74 
3.80 
3.73 
3.79 
3.80 
3.34 
3.80 
3.83 
3.77 
3.75 
3.78 
3.65 
3.77 
4.48 


31 
60 
.08 
33 

14 


2.47 

0.97 

3.45 

1.17 

3.13 

1.17 

7.34 

1.00 

2  45 

0.81 

1.68 

0.23 

3.43 

0.44 

5.42 

0.40 

5.21 

1.03 

2.88 

0.23 

3.53 

0.13 

3.17 

0.00 

1.82 

0.24 

2.60 

0.32 

4.66 

0.29 

3.81 

0.00 

2.55 

0.19 

2.33 

0.26 

1.75 

0.10 

6.49 

0.08 

2.76 

0.56 

2.86 

0.06 

4  67 

0.22 

2.81 

0.06 

6.86 
7.66 

10.23 
5.96 
5.56 
6.86 
7.46 
6.37 
4.97 
3.66 
6.44 
7.61 
7.52 
8.01 
5.79 
5.97 
8.25 
8.96 
6.62 
2.73 
7.50 
6.90 

10.70 
4.79 


air  entering  the  furnace.  The  ash  leaving  the  pit  was  at  a  temperature 
of  about  600°  F.,  but  the  heat  down  to  this  point  had  not  all  been  utilized 
because  a  large  part  of  it  was  dissipated  through  the  walls  and  door  of 
the  pit.  The  true  temperature  was  probably  somewhere  between  these 
two,  but  owing  to  the  small  size  of  the  loss  and  the  uncertainty  regard- 
ing the  temperature  it  was  not  considered  worth  while  to  calculate  the  loss. 
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Fig.  30  will  give  some  idea  as  to  the  relative  magnitude  of  the  several 
losses.  In  this  figure  the  heat  balances  for  five  typical  tests  have  been 
plotted,  from  which  it  appears  that  the  controllable  losses  due  to  the  gases 
escaping  at  a  temperature  higher  than  that  of  the  steam  are  in  all  cases 
less  than  the  unavoidable  losses  up  to  the  temperature  of  the  steam. 
About  the  only  method  of  diminishing  these  losses  is  by  reducing  the 


Table  16. 
Heat  Balance  (Continued) 


Boiler  Losses,  Per  Cent  of  Heat  in 

Dry  Coal 

Above  Temperature  of  Steam 

Test 

Due  to 

Radiation, 

Number 

Conduction 

Due  to 

Due  to 

Due   to 

Due  to 

Excess 

Air 

Air 

and 

Theoretical 

Moisture 

H2 

Leakage 

Unaccounted- 

Weight  of 

in 

in 

for 

Dry  Gas 

Coal 

Coal 

Col.  No. 

117 

118 

119 

120 

121 

122 

a 

b 

236 

237 

238 

240 

241 

242 

1 

1.85 

0.10 

0.16 

0.85 

1.59 

0.15 

2 

1.72 

0.08 

0.14 

1.10 

1.27 

3.60 

3 

1.52 

0.07 

0.13 

0.88 

1.67 

6.08 

4 

2.00 

0.09 

0.17 

2.78 

1.09 

6.40 

5 

3.75 

0.18 

0.31 

1.72 

3.19 

3.85 

6 

2.95 

0.13 

0.24 

0.94 

1.50 

7.50 

7 

3.37 

0.14 

0-28 

2.10 

0.93 

11.70 

8 

4.14 

0.18 

0.35 

4.31 

3.81 

5.93 

9 

3.77 

0.15 

0.32 

3.62 

4.43 

7.09 

10 

4.54 

0.19 

0.38 

2.38 

1.95 

8.64 

11 

5.44 

0.23 

0.40 

3.62 

3.82 

4.61 

12 

5.48 

0.23 

0.46 

3.21 

5.05 

2.97 

13 

3.62 

0.16 

0.30 

1.20 

1.68 

2.33 

14 

3.83 

0.16 

0.32 

1.84 

1.56 

5.51 

15 

3.97 

0.16 

0.33 

3.48 

3.48 

1.48 

16 

4.84 

0.19 

0.41 

3.40 

3.79 

5.77 

17 

5.10 

0.20 

0.41 

2.40 

4.21 

3.71 

18 

4.97 

0.21 

0  42 

2.19 

6.00 

0.54 

19 

5.12 

0.18 

0.52 

1.63 

3.11 

3.47 

20 

4.43 

0.28 

0.45 

5.68 

3.35 

21 

4.91 

0.34 

0.50 

2.44 

4.30 

0.32 

22 

5.01 

0.16 

0.45 

2.66 

3.48 

1.58 

23 

4.55 

0.21 

0.44 

3.79 

4.48 

24 

5.04 

0.28 

0.47 

2.65 

4.33 

3.43 

excess  air  and  eliminating  air  leakage,  since  these  are  the  only  factors 
which  are  not  at  a  minimum. 

The  largest  loss  seems  to  be  due  to  the  combustible  in  the  ash.  In 
a  general  way,  however,  where  this  is  high,  the  excess  air  loss  is  low, 
tests  No.  3  and  No.  4  indicating  this  very  well. 
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Since  the  unaccounted-for  loss  includes  the  effects  of  various  experi- 
mental errors,  as  well  as  radiation  and  conduction,  it  has  no  definite  re- 
lation to  the  other  losses.  It  can  be  reduced,  however,  by  adequate  heat 
insulation  for  the  setting. 

A  study  of  the  boiler  efficiency  and  furnace  efficiency  in  Table  9 
will  show  that  these  two  are  very  nearly  the  same,  thus  indicating  that 
the  losses  are  about  equally  distributed  between  them.  This  should 
afford  an  easy  means  of  checking  them  against  each  other,  as  any  con- 
siderable loss  in  either  one  would  immediately  become  apparent. 

V.     Tests  on  Weathered  Coal. 

Five  tests  were  run  on  weathered  coal.  As  previously  stated,  this 
fuel  had  been  placed  in  bins  in  January  1908,  and  formed  part  of  the 
series  reported  in  Engineering  Experiment  Station  Bulletin  No.  38, 
"The  Weathering  of  Coal,"  by  S.  W.  Parr  and  W.  F.  Wheeler.  In  Table 
17  may  be  found  a  statement  of  the  kind  of  coal,  the  conditions  of  stor- 
age, heating  value,  and  dust  content  of  this  fuel.  The  data  concerning 
original  size  and  heating  value  have  been  taken  from  Bulletin  No.  38. 

From  Table  17  it  may  be  seen  that  from  the  physical  standpoint,  and 
in  heating  value,  the  coal  had  deteriorated  considerably  from  its  original 
condition,  and  that  at  the  time  of  the  tests  it  was  in  about  the  same  class  as 
the  Mission  Field  screenings.    A  discussion  of  the  physical  and  chemical 

Table  17. 
Deterioration  Due  to  Weathering. 


Test 
No. 


Coal 


How- 
Stored 


Jan.  1908 


Per  Cent 
Passing 

Screen 


B.  t.  u. 

per  Lb. 
Dry  Coal  7 
Days  After 

Mining 


Jan. 1914 


Per  Cent 
Passing 

aM" 
Screen 


B.  t.  u. 

per  Lb. 

Dry  Coal 

at  Time  of 

Test 


20 
21 
22 
23 

24 


Sangamon  Co.  Nut 
Sangamon  Co.  Screenings 
Williamson  Co.  Nut 
Williamson  Co.  Screenings 
Vermilion  Co.  Nut 


Open  bin 

1.2 

11800 

31.9 

Covered  bin 

26  3 

11684 

45.1 

Covered  bin 

1.4 

12341 

13.9 

Covered  bin 

38.8 

12287 

42.9 

Open  bin 

13.6 

12412 

35.0 

11179 
10497 
12103 
12153 
11985 


properties,  however,  is  outside  of  the  scope  of  this  work,  it  being  con- 
cerned merely  with  the  behavior  of  this  fuel  when  used  in  a  boiler 
furnace. 


KIUTZ — A    STUDY     OF    liOlLKU    LOSSES 


49 


^j 


8 


on 


<0 


K 


CO 

ft 


<£> 


T) 


<«* 


1 
1 

[^ 

1 
I 
I 
1 

f 
/ 
1 

1 

1 
J 

i 

|> 

1  1 1  I 

1 

/  'ZLV  \ 

/  VI 

\\m 

</7 

\\1   4 

v*C"-< 

|N       \ 

VN^   \ 

/ fi 
/  // 

»W  \ 

\    \ 

r* 

-•"V*^ 

// 

vOgPKw 

i^\ 

?K. 

■>^ 

I 
I 


I 


§ 

1 

1 

Q 

<o 

:y 

«5 

p 

S 

1 

^ 

- 

£ 

^ 

<o 

~cS 

s- 

^ 

1 

5 

1 

a> 

$> 

.^ 

5 

1 

cS 

«r> 

•5 

CO 

o 

o 

^ 

^ 

^ 

r> 


^> 


I 

Ac 


.5: 


i 

I 
1 

5" 


^> 

O 

Cu 

Cfc 

u^ 

.£ 

.c: 

-q 

■«s» 

^ 

Oi 

v> 

Q> 

ft 

o 

<o 

J^ 

CO 


o> 


t 

1 

8 


t 

8 


1 

ao 

— . 

i 


I 
I 

I 

1 


1 

AO 


! 


! 

ex 

§ 

I 

I 

AS 
so. 


Fig.   30.     Relative   Magnitude  of  Various   Losses. 
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Since  the  samples  were  limited  in  quantity,  these  were  necessarily 
short  tests,  but  every  effort  was  made  to  maintain  uniform  conditions, 
and  particularly  to  have  the  fuel  bed  in  the  same  condition  at  the  start 
and  close,  thus  reducing  the  chances  of  error  as  much  as  possible.  An 
inspection  of  the  heat  balance  will  prove  that  no  very  serious  error  arose. 

As  the  coal  appeared  to  be  covered  with  a  coating  of  ash  or  clay,  it 
was  expected  that  considerable  trouble  would  be  experienced  in  burning 
it.  This,  however,  did  not  prove  to  be  the  case.  On  the  first  test  the 
coal  banked  slightly  at  the  water-back,  and  the  whole  amount  on  the 
grate  became  clinkered.  It  immediately  became  evident  that  in  order  to 
run  at  all,  the  coal  had  to  be  kept  away  from  the  water-back.  After  the 
clinker  had  been  removed,  a  fresh  start  was  made  and  care  was  taken  to 
keep  the  fuel  bed  from  four  to  six  inches  away  from  the  water-back.  When 
this  was  done  no  further  trouble  was  experienced. 

All  of  the  tests  on  the  weathered  coal  were  run  with  a  7-inch  fire 
with  the  exception  of  test  No.  21,  which  was  run  with  a  6^2-inch  fire 
because  the  coal  seemed  to  be  broken  up  finer  than  the  rest.  In  all  cases 
but  one  the  fire  burned  white  and  did  not  require  much  attention.  The 
exception  was  test  No.  23.  On  looking  up  the  firing  record,  it  was 
found  that  on  this  test  the  fire  was  rather  cold  and  gave  evidence  of 
being  too  thick.  It  was  found  also  that  the  fire  required  considerable 
attention,  having  to  be  barred  and  raked  much  oftener  than  the  rest. 
This  process,  of  course,  let  in  air  and  lowered  the  C02.  An  inspection 
of  the  efficiencies  in  Table  9  will  show  that  while  the  boiler  efficiency 
compares  favorably  with  the  rest,  the  efficiency  of  the  furnace  and  grate 
was  low.  Also,  it  appears  f  rem  the  heat  balance  that  the  loss  due  to  com- 
bustible in  the  ash  was  high.  A  comparison  of  the  dust  in  this  coal 
with  that  in  test  No.  21  discloses  the  fact  that  they  were  very  nearly  the 
same.  In  that  test  a  6i/2-mch  fire  was  used  and  the  results  were  satis- 
factory. These  facts  all  lead  to  the  conclusion  that  a  7-inch  fire  was 
too  thick  in  the  case  of  test  23,  and  that  the  trouble  encountered  on  this 
test  should  be  charged  against  the  lack  of  experience  in  handling  the 
coal,  rather  than  against  the  coal  itself.  The  capacity  obtained  was  also 
lower  than  in  the  other  weathered  coal  tests. 

A  comparison  of  the  draft  required  for  a  given  rate  of  combustion 
for  the  weathered  coal  with  that  for  the  Mission  Field  screenings  is  made 
in  Fig.  31.  Referring  to  this  figure  it  becomes  evident  that  more  draft 
is  required  to  produce  a  given  rate  of  combustion  with  the  former  than 
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Fig.  31.    Draft  Required  for  a  Given  Rate  of  Combustion  for  Weathered 

Coal  and  Mission   Field   Screenings. 


Table  18. 

Comparison  of  Dust  Content,  Mission 
Field  Screenings  and  Weathered  Coal. 


Mission  Field  Screenings 

Weathered  Coal 

Test  No. 

Per  Cent  Dust 

Test  No. 

Per  Cent  Dust 

2 

6 

12 

13 

17 

34.8 
19.6 
40.3 
26.3 
24.7 

20 
21 
22 
23 
24 

31.9 
45.1 
13.9 
42.0 
35.0 

with  the  latter.     That  this  is  not  caused  by  dust  in  the  coal  may  be 
shown  by  Table  18  and  Fig.  18. 

The  dust  content  of  the  coals  from  which  the  two  curves  for  the 
7-inch  fires  were  plotted  is  practically  the  same.  In  each  case  there  were 
one  or  two  tests  in  which  the  dust  content  was  high,  and  the  points  rep- 
resenting these  fell  higher  than  the  curve;  i.  e.,  point  12  was  off  of  the 
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curve  in  Fig.  18,  while  in  Fig.  31  points  21  and  23  were  not  on  the 
curve.  In  Fig.  18  the  points  of  low  dust  content  are  below  the  curve 
for  7-inch  fires,  while  in  Fig.  31  all  the  points  are  above  this  curve,  which 
is  shown  dotted.  This  seems  to  lead  to  the  conclusion  that  the  dust  is 
not  responsible  for  the  high  draft  requirement.  A  possible  explanation 
is  that  this  coal  is  harder  to  ignite,  owing  to  the  partially  oxidized  con- 
dition indicated  by  the  gray  coating  on  the  outside,  and  therefore  it 
requires  more  draft  than  the  Mission  Field  coal  for  a  given  rate  of 
combustion. 

The  efficiencies  obtained  from  the  weathered  coal  compare  very  fa- 
vorably with  those  obtained  from  the  Mission  Field  coal.  For  the  sake  of 
convenience  these  have  been  tabulated  for  corresponding  loads,  and  are 
shown  in  Table  19.  The  average  for  each  set  is  about  64  per  cent,  the 
weathered  coal  showing  an  advantage  at  heavier  loads.  It  is  also  worthy 
of  note  that  greater  capacity  was  obtained  with  the  weathered  coal  than 
with  the  screenings,  the  heat  value  of  both  being  about  the  same. 

On  comparing  firing  sheets,  it  was  also  found  that  on  the  whole, 
when  weathered  coal  was  being  used,  the  fires  required  less  attention, 
such  as  slicing  and  raking,  than  they  did  when  fresh  screenings  were 


being  used. 


Table  19. 

Comparison  of  Boiler  Performances  on 
Mission  Field  and  Weathered  Coal. 


Mission  Field  Coal 

Weathered  Coal 

Test 
No. 

Boiler  H.  P. 
Developed 

Efficiency  of 

Boiler,  Furnace 

and  Grate 

Test 

No. 

Boiler  H.  P. 
Developed 

Efficiency  of 

Boiler,  Furnace 

and  Grate 

10 
11 
12 
13 
14 
15 
16 

554.0 
569.6 
572.7 
589.0 
555.9 
506.6 
644.0 

63.96 
61.21 
60.67 
69.87 
64.75 
65.50 
60.84 

20 
21 
22 
23 
24 

568.5 
557.2 
727.1 
509.6 
655 . 0 

64.50 
63.05 
65.98 
60.04 
64.20 

VI.     Summary   and  Conclusions. 

General  Conclusions. — 1.     The  over-all  efficiency  of  the  unit  tested, 
under  the  average  conditions  which  prevailed  during  the  tests,  and  when 
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developing  in  the  neighborhood  of  550  boiler  horsepower,  is  about  6  I 
per  cent. 

2.  The  best  thickness  of  lire  for  Mission  Field  screenings  is  about 
7  or  71//>  inches,  depending  upon  the  amount  of  fine  material  in  the  coal. 

3.  The  maximum  capacity  developed  was  768  boiler  horsepower. 
This  was  obtained  from  pea  coal  with  a  7-inch  fuel  bed  and  a  draft 
over  the  lire  of  0.375  inches  of  water. 

4.  The  best  rate  of  combustion  is  about  26  pounds  of  dry  coal  per 
sq.  ft.  of  grate  surface  per  hour.  The  drafts  over  the  fire  required  to 
give  this  rate  are  as  follows :  0.18  in.  water  for  a  6-in.  fire,  0.22  in.  water 
for  a  7-in  fire,  0.29  in.  water  for  an  8-in.  fire,  and  0.52  in.  water  for  a 
9^/2-in.  fire. 

5.  The  greatest  losses  were  due  to  combustible  in  the  ash,  excess 
air,  and  air  leakage. 

6.  The  smallest  loss  was  that  due  to  the  formation  of  CO. 

7.  With  the  exception  of  the  air  leakage  loss,  which  can  be  prac- 
tically eliminated  without  affecting  any  of  the  others,  the  rest  of  the 
losses  are  to  some  extent  interrelated,  and  there  are  certain  well  defined 
limits  within  which  the  excess  air  must  be  maintained  in  order  to  re- 
duce the  others  to  a  minimum.    This  is  approximately  30  to  40  per  cent. 

8.  The  sum  of  the  excess  air  loss  and  the  loss  due  to  combustible 
in  the  ash  was  nearly  constant.  It  amounted  to  about  14  per  cent,  and 
a  decrease  in  one  source  of  loss  could  be  accomplished  only  by  an  increase 
in  the  other.  Hence  the  formation  of  CO  was  the  factor  having  the 
greatest  bearing  on  the  extent  to  which  excess  air  could  be  reduced.  The 
latter  could  be  decreased  until  CO  appeared  in  excess. 

9.  The  percentage  of  C02  depends  to  some  extent  on  the  attention 
required  by  the  fire.  The  C02  was  low  on  the  tests  during  which  the 
side  door  had  to  be  frequently  opened  in  order  to  allow  barring  and 
raking  of  the  fire. 

10.  The  form  of  baffling  shown  in  Fig.  1  and  used  on  these  tests 
makes  the  maintenance  of  high  furnace  temperatures  possible,  and  re- 
duces the  amount  of  smoke  formed. 

11.  This  form  of  baffling  gives  trouble  due  to  the  difficulty  in  re- 
moving the  soot  which  collects  in  the  corner  where  the  first  baffle  joins 
the  tile  roof  of  the  furnace. 

21.  Conclusions  Relative  to  Weathered  Coal. — 12.  Burning  weath- 
ered coal  is  largely  a  question  of  correct  handling  and  ignition.  Un- 
der these  circumstances  it  gives  as  good  results  as  fresh  screenings.     It 
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must  be  borne  in  mind,  however,  that  the  conclusions  drawn  from  the 
weathered  coal  tests  are  based  solely  on  the  burning  of  this  fuel  and  do 
not  deal  with  the  deterioration  in  storage.  In  making  comparisons  it 
must  also  be  noted  that  from  the  physical  and  chemical  standpoint  the 
original  fuel  had  deteriorated  and  that  at  the  time  it  was  used  it  was 
on  a  basis  of  equality  with  the  Mission  Field  screenings. 

13.  Weathered  coal  requires  a  little  thinner  fire  and  more  draft 
than  fresh  screenings. 

14.  When  using  weathered  coal  the  fuel  bed  should  not  approach 
any  nearer  to  the  water-back  than  from  4  to  6  inches,  otherwise  trouble 
with  clinker  is  experienced. 

15.  Practically  as  high  capacity  was  obtained  with  weathered  coal 
as  with  the  other  coals  used,  and,  if  anything,  the  fuel  bed  required  less 
attention. 


APPENDIX. 
Formulas  and  Forms  for  Calculating  Boiler  Trials. 

Owing  to  the  fact  that  the  adding  machine  probably  is  the  only 
type  of  calculating  machine  on  which  more  than  one  mathematical  process 
can  be  performed  without  resetting,  it  has  been  considered  advantageous 
to  arrange  the  code  employed  in  calculating  the  results  of  these  tests  so 
that  each  item  contains  but  one  such  process,  except  in  the  case  of  addi- 
tions. A  complicated  formula  may,  therefore,  be  spread  out  over  a  num- 
ber of  items  in  the  code.  This  form  is  convenient  when  a  large  number 
of  tests  are  to  be  calculated,  in  that  all  like  operations  are  grouped,  so 
that  in  many  cases  a  saving  can  be  made  in  the  number  of  resettings 
required  on  the  machine.  The  code  can  also  be  arranged  in  columnar 
form,  with  the  mathematical  operation  indicated  at  the  head  of  each 
column,  and  the  calculations  may  be  made  by  a  clerk  having  little  knowl- 
edge of  the  technical  significance  of  the  processes  involved.  In  such 
cases,  however,  considerable  care  must  be  exercised,  and  plus  and  minus 
signs  rigorously  observed. 

Since,  in  the  main,  the  methods  of  calculation  recommended  in  the 
American  Society  of  Mechanical  Engineers'  Boiler  Code  have  been  fol- 
lowed, it  will  not  be  necessary  to  discuss  all  of  the  items.  In  some  cases, 
however,  a  departure  has  been  made,  and  it  has  been  thought  advisable 
to  take  up  these  items  and  discuss  the  methods  and  formulas  used  in  their 
calculation.  In  the  following  discussion  the  numbers  refer  to  the  cal- 
culating code  given  on  pages  62  to  72. 

Item  29.     Weight  of  Combustible  Consumed. 

It  is  usual  to  regard  all  of  the  coal  as  combustible,  after  deducting 
the  ash  and  moisture.     This  being  the  case,  the  weight  of  combustible 

fired  on  the  grates  is  W  I  1 j ,  in  which  W  is  the  weight  of  dry 

coal  and  a  the  percentage  of  ash  taken  from  the  analysis  of  the  dry  coal. 
Of  this  combustible,  part  goes  through  the  grate  in  the  form  of  uncon- 
sumed  carbon.  No  essential  error  is  made  in  regarding  all  of  the  com- 
bustible in  the  ash  as  carbon.  Then  the  actual  weight  is  — - — ,  where  W, 

&  100  * 
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is  the  actual  weight  of  ash  and  refuse,  and  c  is  the  percentage  of  carbon 
taken  from  an  analysis  of  the  ash  and  refuse.     Therefore: 

Item  29  =  )V[  1 —  J — tttt.  Item  29  is  sometimes  simply  taken  as  the 

difference,  (W —  Wt).  This  is  in  error,  however,  because  all  of  the  ash 
coming  from  the  coal  consumed  may  not  appear  in  the  weighed  ash  and 
refuse,  for  part  of  it  is  carried  over  the  bridge  wall  in  the  form  of  fine 
dust.  A  larger  source  of  error,  however,  is  due  to  the  fact  that  the  fuel 
bed  itself  may  contain  more  or  less  ash  at  the  close  than  it  did  at  the  start 
of  the  test.  Owing  to  this  cause  it  is  found  that  the  result  obtained  by 
the  simple  subtraction  is  sometimes  greater  and  at  other  times  less  than 
that  obtained  by  making  use  of  the  analyses  as  outlined  above. 

Items  31  to  55.     Coal  analyses. 

Where  analyses  are  made  direct  on  the  samples  of  coal  as  fired,  and 
both  proximate  and  ultimate  analyses  reported  by  the  chemist,  the  cal- 
culations included  here  are  unnecessary.  In  the  present  case,  however, 
the  samples  were  partly  dried  before  they  were  sent  to  the  chemist,  and 
the  ultimate  analyses  were  calculated  from  the  individual  proximate 
analyses  and  a  composite  ash,  sulphur,  and  moisture  free  analysis. 

In  order  to  reduce  the  analyses  as  reported  by  the  chemist  to  terms 
of  coal  as  fired,  each  constituent  had  to  be  multiplied  by  the  factor, 

per  cent  moisture  lost  before  analysis 

(1  100  '' 

The  separate  ultimate  analyses  were  then  obtained  by  multiplying 
each  constituent  in  the  composite  ash,  sulphur,  and  moisture  free  analysis 
by  the  factor, 

per  cent  ash  in  dry  coal+per  cent  sulphur  in  dry  coaL       ,.. 
(1 —  * : i-±- ),  which  was  ob- 
tained from  the  individual  proximate  analyses.    The  ash  and  sulphur  in 
the  dry  coal  were  obtained  by  dividing  the  ash  and  sulphur  in  coal  as 
fired  by  the  factor, 

per  cent  moisture  in  coal  as  fired 

(1 ioo >• 

Item  110.     Corrected  total  weight  of  water  fed  to  boiler. 

The  ultimate  object  of  a  boiler  trial  is  to  find  the  relation  existing 
between  the  heat  taken  up  by  the  boiler,  and  the  heat  supplied  in  the  coal. 
It  is,  therefore,  in  reality  a  heat  analysis.     Since,  however,  items  are  not 
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included  in  the  standard  code  whereby  these  heat  quantities  may  be 
separately  tabulated,  any  heat  with  which  the  boiler  is  debited  or  credited 
that  is  not  directly  included  in  the  weight  of  coal  or  water  must  be  re- 
duced to  terms  of  one  of  these  two,  and  added  to  or  subtracted  from  the 
actual  weighed  amount.  In  order  to  put  them  into  shape  so  that  they 
may  be  conveniently  handled  in  subsequent  calculations,  the  usual  method 
is  to  reduce  all  such  quantities  to  terms  of  water.  The  following  are 
some  of  the  items  that  must  be  taken  account  of  in  this  manner:  (1) 
difference  in  water  level  at  the  start  from  that  at  the  end  of  a  test, 
(2)  difference  in  pressure  at  the  start  from  that  at  the  end,  (3)  leak- 
age from  blow-off,  etc.,  (4)  heat  going  into  the  circulating  water  from 
the  water-back  in  case  it  is  not  returned  to  the  feed  water  at  a  point 
closer  to  the  boiler  than  that  at  which  the  temperature  of  the  latter  is 
taken.  Of  these,  No.  1  and  No.  2  can  be  combined  and  treated  under 
two  heads. 

Let  W  =  weight  of  water  in  the  boiler. 

q  =  heat  of  the  liquid. 

r  =  latent  heat  of  steam. 

x  =  quality  of  steam. 

Also  let  the  subscript  1  refer  to  initial,  the  subscript  2  to  the  final, 
and  the  subscript  0  to  average  conditions  in  the  boiler,  and  the  subscript 
3  to  feed  water  conditions. 

If  the  water  level  is  higher  at  the  close  than  at  the  start,  the  heat 
that  has  gone  into  the  excess  water,  and  into  the  change  in  the  heat  of 
the  liquid  due  to  the  change  in  pressure,  is  the  difference  between  the 
total  heat  in  the  water  in  the  boiler  at  the  close  and  that  at  the  start. 
Or,  taking  all  heat  quantities  above  that  of  the  liquid  at  feed  water  tem- 
perature it  is : 

The  water  that  this  amount  of  heat  would  have  evaporated  into  steam 

..  lM?.-?»)-Wl   (?,-?:,) 

as  generated  is ; ; . 

<7o  +  Vo  —  q3 

This  should  be  credited  back  to  the  boiler,  after  the  difference  be- 
tween final  and  initial  weights  of  water  has  been  subtracted ;  or  writing 
the  total  correction  to  automatically  take  care  of  signs,  and  calling  the 
correction  W \ 

W'  =  (W,  -  W2)  +       •  W2 — — — T 

q0  +  x0r0  -  q. 
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The  case  in  which  the  water  level  is  lower  at  the  close  than  at  the 
start  is  somewhat  different  from  the  above.  In  this  event,  all  of  the  water 
in  the  boiler  at  the  close  of  the  test  has  been  changed  from  a  heat  state 
represented  by  qi}  to  one  represented  by  q2,  while  a  weight  corresponding 
to  (W1  —  W2)  has  been  evaporated.  Since  we  do  not  know  the  exact 
conditions  under  which  the  latter  took  place,  about  the  only  assumption 
warranted  is  that  it  took  place  under  the  average  conditions  of  the  test. 
The  total  heat  change  to  be  taken  into  account  then  is : 

^2(q2-qi)  +  (W1-w2)  (ft  +  soro-ft). 

Calling  the  equivalent  amount  of  water,  or  the  correction,  W", 

g0  +  ay  o  —  g3 

On  expanding  equations  I  and  II,  and  collecting  the  terms,  it  be- 
comes evident  that  they  both  reduce  to  the  same  expression,  which  is: 

w»=_w     (go  +  Wo  -  gO  -  w2  (go  +y0  -  q»)  m 

go  +  Vo  -  g3 

Equation  III  has  been  made  use  of  in  the  code  for  the  combined  cor- 
rections for  changes  in  pressure  and  water  levels.  In  case  a  blow-off  leaks, 
or  hot  water  is  lost  from  any  other  point  in  the  boiler,  the  heat  loss  may 
easily  be  seen  to  be  W±  (q0  —  g3),  in  which  W4  =  the  weight  of  water  leak- 
ing out.     The  correction  then  is : 

W1V  =  r  w4(go-g3)  ]  _  w 4 m 

L  go  +  *o  ro  —  g3  J 

If  the  water  back  forms  part  of  the  circulating  system  of  the  boiler, 
or  the  water  is  returned  at  a  point  nearer  to  the  boiler  than  that  at  which 
the  temperature  of  the  feed  water  is  read,  no  account  need  be  taken  of  it. 
If  this  is  not  the  case,  however,  the  water  back  should  be  regarded  as 
part  of  the  heating  surface  of  the  boiler,  and  the  heat  going  to  it  credited 
to  the  latter. 

Let  W5  =  weight  of  water  going  through  the  water  back,  and  tt  its 
initial  and  tt  its  final  temperature.    Then  the  correction,  WY,  is 

^5(*f-*i) 

go+   Wo  —  Qa 

Designating  by  W  the  total  amount  of  water  weighed  to  boiler,  cor- 
rected for  tank  levels  and  items  which  do  not  include  heat  quantities, 
Item  110  =  W  +  W"  +  WlY  +  Wy. 
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Item  111.    Factor  of  evaporation. 

In  this  code  the  water  evaporated  has  not  been  reduced  to  dry  steam 
and  the  dry  steam  then  reduced  to  equivalent  evaporation,  but  the  reduc- 
tion from  steam  as  generated  to  equivalent  evaporation  has  been  made 
in  one  step,  making  use  of  the  "total"  or  "true"  factor  of  evaporation): 

F=     go  +  Vo  —  q3 
970.4 
in  which  F  =  factor  of  evaporation,  q0  =  heat  of  the  liquid  at  boiler 
pressure,  x0  =  quality  of  steam,  r0  =  latent  heat  at  boiler  pressure,  and 
<73  =  heat  of  the  liquid  at  feed  water  temperature. 

Item  126.     Heat  available  for  use  by  the  boiler. 

The  heat  available  for  use  by  the  boiler  has  been  regarded  as  all  of 
the  heat  in  the  gas  leaving  the  furnace,  computed  above  the  temperature 
of  the  steam  in  the  boiler.  This  is  equal  to  the  heating  value  per  pound 
of  dry  coal  minus  the  furnace  losses  per  pound  of  dry  coal,  up  to  the 
temperature  of  the  steam  in  the  boiler.  • 

Item  133.    Efficiency  of  boiler,  furnace,  and  grates,  based  on  zero 
air  leakage. 

This  is  an  hypothetical  quantity  that  permits  of  no  rigid  solution, 
and  has  been  partly  discussed  on  page  21.  Of  a  number  of  possible 
assumptions  the  following  seem  to  be  the  most  tenable.  All  of  the  heat 
supplied  to  the  boiler  comes  from  the  heat  in  the  coal  (H).  A  certain 
portion  of  this  {Hx)  is  absorbed  by  the  water  in  the  boiler,  and  the  rest 
goes  to  losses,  of  which  the  air  leakage  loss  (H2)  is  one-  K  there  had 
been  no  loss  due  to  air  leakage,  the  heat  (H2)  would  have  been  available 
for  absorption  by  the  water.  Since  this  process  would  not  have  taken 
place  at  100  per  cent  efficiency,  it  seems  reasonable  to  assume  that  it 
would  have  done  so  at  the  efficiency  of  the  boiler  alone.  If  we  designate 
the  latter  by  (e),  then  the  probable  heat  absorption  would  have  been: 

H±  +  eE2,  and  Item  133  = L— — -. 

H 

Item  153.     Theoretical  weight  of  dry  gas  per  lb.  of  dry  coal. 

Theoretically  the  gas  given  off  per  lb.  of  dry  coal  should  consist  of 
the  sum  of  the  products  of  combustion  of  the  carbon  and  sulphur  in  the 
coal,  plus  the  nitrogen  carried  in  with  the  air  necessary  for  the  complete 
combustion  of  all  the  combustible  constituents,  including  the  hydrogen, 
plus  the  nitrogen  in  the  coal.  Since  some  of  the  oxygen  for  combustion 
came  from  the  free  02  in  the  coal,  the  nitrogen  equivalent  of  this  should 
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be  deducted  from  the  above.  Letting  C  —  per  cent  carbon  in  dry  coal, 
S  =  per  cent  sulphur,  II 2  —  per  cent  hydrogen,  N2  =  per  cent  nitrogen, 
and  02  =  per  cent  oxygen,  the  corresponding  weights  of  each  constituent 
in  the  dry  coal  will  be  1/100  of  each  of  the  above. 

From  the  stoichiometric  relations,  the  sum  of  these  products  of  com- 
bustion may  now  be  deduced,  or 

Item    153  =  0.1261  (C)  +  0.0535  (S)  +  0.268  (II2)  +  0.01  (N2)  - 

0.0335  (02). 

Item  162.     Actual  weight  of  dry  gas  per  lb.  of  dry  coal. 

This  calculation  is  based  on  the  fact  that  all  of  the  carbon  in  the 
coal  which  was  actually  burned,  appears  in  the  gas. 

If  C02,  CO,  and  02  represent  the  parts  by  volume  of  the  constituents 
in  a  given  volume  of  flue  gas,  the  parts  by  weight  may  be  found  by  mul- 
tiplying the  above  by  their  corresponding  molecular  weights.  The  sum 
of  these  relative  weights  in  the  flue  gas  is,  44  (C02)  +  28  (CO  +  N2)  + 
32  (02).  The  relative  weight  of  the  C  in  the  same  volume  is  12  (G02  + 
CO).    Hence  the  weight  of  gas  "per  lb.  of  carbon  consumed  is: 

44  (C02)  +  28  (CO  +  N2)  +  32  (02) 

12  (C02  +  CO) 

11  (C02)  +  r  (CO  +  N2)  +  8  (02) 

3  (C02+CO) 

Since  N2  is  always  determined  by  difference:  ^,,  =  100—  (C02  + 
CO  +  02),  and  the  above  reduces  to:  weight  of  gas  per  lb.  carbon  con- 

,       4  (C02)  +O.  +  700 

sumed  = . 

3  (C02  +  CO) 

Let  W1  =  weight  of  dry  coal  fired,  W2  =  weight  of  ash  and  refuse, 
(a)  =  per  cent  carbon  in  dry  coal  and  (b)  per  cent  carbon  in  ash.  Then 
the    weight    of    carbon    actually    consumed    per    lb.    of    dry    coal  = 

0.01Fxa— 0.01F.6 


W, 


and   Item   162  = 


ro.01  (Wxa—  WJb)  -][~4  (C02)  +O2  +  700   1 
L  W         ~JL       3  (C02  +  CO)        J' 

This  is  slightly  in  error  due  to  the  fact  that  80 2  is  formed  from  the 
sulphur  in  the  coal.  Part  of  this  is  absorbed  by  the  water  in  the  sampling 
apparatus,  while  some  of  it  probably  goes  into  the  KOH  pipette,  and  thus 
appears  in  the  analysis  as  C02.    It  would  be  rather  difficult  to  determine 
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the  exact  distribution  of  these  two.  However,  a  simple  calculation  will 
show  that  the  maximum  error  due  to  this  source  does  not  exceed  0.2  per 
cent. 

Item  17  4.     Theoretical  weight  of  air  per  lb.  of  dry  coal. 

This  can  be  calculated  directly  from  the  stoichiometric  relations 
and  the  analysis  of  the  coal. 

If  C,  H2,  S,  and  02  represent  the  percentage  by  weight  of  the  vari- 
ous constituents  in  the  coal,  then  the  weight  of  02  required  is  0.0267  (C) 
+  0.08  (H2)  +0.01  (S)  -0.01  (02),  and, 

0.0267  (C)  +  0.08  (H2)   +  0.01  (S)  -  0.01  (O,) 

Item  174= = 

0.23 

0.116  (C)  +0.348  (H2)  +0.0435  (S-02). 

Item  177.     Actual  weight  of  air  per  lb.  of  dry  coal. 

All  of  the  N2  appearing  in  the  gas,  with  the  exception  of  that  already 
in  the  coal,  came  from  the  air  taken  into  the  furnace.  By  a  line  of  rea- 
soning similar  to  that  discussed  under  Item  162,  it  may  be  shown  that 

7  (N  ) 
the  weight  of  N2  per  lb.  of  carbon  consumed  = — ,^^     .   ^^    ■ 
r  3  (C02  +  CO) 

N„ 
Then  the  weight  of  air  per  lb.  of  carbon  consumed 


0.33  (C02  +  CO) 

Taking  the  weight  of  carbon  consumed  per  lb.  of  dry  coal  from  the  dis- 
cussion under  Item  162, 

L  Wt  JLO.33  (C02  +  CO) 


FORMS  FOR  CALCULATING  BOILER  TRIALS. 

(1)  Test  number. 

(2)  Date. 

(3)  Duration,  hrs. 

(4)  Grate  surface,  sq.  ft. 

(5)  Water  heating  surface,  sq.  ft. 

(6)  Barometer  reading,  inches  of  Hg. 

(7)  Atmospheric  pressure,  lb.  per  sq.  in.;  0.491  (Item  6). 

(8)  Steam  pressure,  lb.  per  sq.  in.  gage. 

(9)  Steam  pressure,  lb.  per  sq.  in.  absolute;  (Item  8)  +  (Item  7). 

(10)  Draft  between  damper  and  boiler,  in.  water. 

(11)  Draft  at  end  of  3rd  pass,  in.  water. 

(12)  Draft  between  1st  and  2nd  pass,  in.  water. 

(13)  Draft  at  end  of  combustion  chamber,  in.  water. 

(14)  Draft  over  fire  in  furnace,  in.  water. 

(15)  Draft  in  ash  pit,  in.  water. 

(16)  Temperature  of  outside  air,  deg.  F. 

(17)  Temperature  of  fire  room,  deg.  F. 

(18)  Temperature  of  steam,  deg.  F. 

(19)  Temperature  of  feed  water,  at  boiler,  deg.  F. 

(20)  Temperature  of  ash,  deg.  F. 

(21)  Temperature  of  gas  escaping  from  boiler,  deg.  F. 

(22)  Weight  of  coal  fired,  lb. 

(23)  d-1-^-)- 

(24)  Weight  of  dry  coal  fired,  lb.;  (Item  22)   (Item  23). 

(25)  Total  ash  and  refuse,  lb. 

(36)     (1JbmU_)m 

(27)  Weight  of  combustible  fired,  lb.;  (Item  24)   (Item  26). 

(28)  Weight  of  carbon  in  ash,  lb. ;   <Item  85)  [^m  56>       -. 

(29)  Weight  of  combustible  consumed,  lb.;  (Item  27)  —  (Item  28). 
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(30)  Per  cent  ash  and  refuse  in  dry  coal:  -771 tttz  X  100. 

v     J  J         '   (Item  24) 

PROXIMATE    ANALYSIS     (COAL    AS   RECEIVED   BY    CHEMIST). 

(31)  Fixed  carbon,  per  cent. 

(32)  Volatile,  per  cent. 

(33)  Moisture,  per  cent. 

(34)  Ash,  per  cent. 

(35)  Sulphur  (separately  determined),  per  cent. 

(36)  Moisture  loss  previous  to  sending  to  chemist,  per  cent. 

(Item  36) 

(37)    * loo — 

PROXIMATE  ANALYSIS    (COAL  AS   FIRED) . 

(38)  Fixed  carbon,  per  cent;  (Item  37)  (Item  31). 

(39)  Volatile,  per  cent;  (Item  37)   (Item  32). 

(40)  Moisture  (as  received  by  chemist  reduced  to  coal  as  fired),  per 

cent;  (Item  37)  (Item  33). 

(41)  Total  moisture  in  coal  as  fired,  per  cent;  (Item  40)  +  (Item  36). 

(42)  Ash,  per  cent;  (Item  37)  (Item  34). 

(43)  Sulphur  (separately  determined),  per  cent;   (Item  37)    (Item 

35). 

ULTIMATE  ANALYSIS    (ASH,    MOISTURE,   AND   SULPHUR   FREE   COAL). 

(44)  Carbon,  per  cent. 

(45)  Hydrogen,  per  cent. 

(46)  Oxygen,  per  cent. 

(47)  Nitrogen,  per  cent. 

(48)  (Item  54)  +  (Item  55). 

(Item  48) 
(4Jj    1         100 

ULTIMATE  ANALYSIS    (DRY   COAL). 

(50)  Carbon  (C),  per  cent;  (Item  49)   (Item  44). 

(51)  Hydrogen  (H2),  per  cent;  (Item  49)   (Item  45). 

(52)  Oxygen  (02),  per  cent;  (Item  49)    (Item  46). 

(53)  Nitrogen  (N2),  per  cent;  (Item  49)  (Item  47). 

(54)  Sulphur  (S),  per  cent;  |It^  2Sl  * 

(55)  Ash,  per  cent;    <g^  f\ 
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ANALYSIS  OF  ASH   (DRY). 

(5G)     Carbon,  per  cent. 

(57)      Earthy  matter,  per  cent. 

(Item  24) 


(58)     Dry  coal  fired  per  hour,  lb. 


(Item     3) 

(Item  29). 


(Item  58) 


(59)  Combustible  consumed  per  hour,  lb.: 
v     '  r  (Item     3) 

(60)  Dry  coal  per  sq.  ft.  of  grate  surface  per  hour,  lb., 

(61)  Combustible  per  sq.  ft.  of  water  heating  surface  per  hour,  lb.; 

(Item  59) 
(Item     5)' 

(62)  Calorific  value  per  lb.  of  dry  coal,  by  calorimeter,  B.  t.  u. 

(63)  Calorific  value  per  lb.  of  combustible,  by  calorimeter,  B.  t.  u.; 

(Item  62) 
(Item  26)  ' 

(64)  Temperature  in  atmospheric  side  of  calorimeter,  deg.  F. 

(65)  Superheat  in  calorimeter,  deg.  F;  (Item  64)  —  211.5. 

(66)  Quality  of  steam  (x0)  ;  from  Marks  and  Davis  chart. 

(67)  Total  weight  of  water,  from  weighing  tanks,  lb. 

(68)  Initial  height  in  feed  tank,  in. 

(69)  Final  height  in  feed  tank,  in. 

(70)  (Item  68)  —  (Item  69). 

(71)  Weight  of  water  per  inch  of  tank,  lb. 

(72)  Feed  tank  correction;  (Item  70)   (Item  71). 

(73)  Initial  height  of  water  in  gage  glass,  in. 

(74)  Final  height  of  water  in  gage  glass,  in. 

(75)  Initial  steam  pressure,  lb.  per  sq.  in.  gage. 

(76)  Initial  steam  pressure,  lb.  per  sq.  in.  absolute;    (Item  75)  + 

(Item  7). 

(77)  Final  steam  pressure,  lb.  per  sq.  in.  gage. 

(78)  Final  steam  pressure,  lb.   per  sq.   in.   absolute;    (Item   77)  + 

(Item  7). 

(79)  Density  of  water  at  initial  pressure,  lb.  per  cu.  ft. 

(80)  Density  of  water  at  final  pressure,  lb.  per  cu.  ft. 

(81)  Initial  volume  of  water  in  boiler,  cu.  ft. 

(82)  Final  volume  of  water  in  boiler,  cu.  ft. 
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(83)  Initial  weight   of   water   in  boiler  (Wj),  lb.;  (Item  79)  (Item 

81). 

(84)  Final  weight  of  water  in  boiler  (W2),  lb.;  (Item  80)   (Item  82). 

(85)  Heat  of  the  liquid  at  initial  steam  pressure  (q^,  B.  t.  u. 

(86)  Heat  of  the  liquid  at  final  steam  pressure  (q2),  B.  t.  u. 

(87)  Heat  of  the  liquid  at  average  steam  pressure  (q0),  B.  t.  u. 

(88)  Heat  of  the  liquid  at  feed  water  temperature  (q?>),  B.  t.  u. 

(89)  Latent  heat  at  average  steam  pressure  (r0),  B.  t.  u. 

(90)  Weight  of  water  to  water-back,  lb. 

(91)  Temperature  of  water  entering  water-back,  deg.  F. 

(92)  Temperature  of  water  leaving  water-back,  deg.  F. 

(93)  Total  weight  of  hot  water  leakage  from  blow-offs,  etc.,  lb. 

(94)  x0r0;  (Item  66)   (Item  89). 

(95)  q0  +  x0r0;  (Item  94)  +  (Item  87). 

(96)  fio  +  aV'o-fin   (Item  95)  —  (Item  85). 

(97)  Wx  (0o  +  ayo  —  <7i)  5  (Item  83)    (Item  96). 

(98)  qQ  +  x^r0  —  q2 ;  (Item  95)  —  (Item  86) . 

(99)  W.2  (qo  +  ^'o  —  qo)  \  (Item  84)   (Item  98). 

(100)  Wx  (q0  +  xor0  —  qt)  —  Wz  (q0  +  x^  —  q2)  ;  (Item  97)  —  (Item 

99). 

(101)  q0  +  x0r0  —  qs;  (Item  95)  —  (Item  88). 

(102)  Correction  for  pressure  and  boiler  level,  lb.;     ,■     ■■ — tt^tt- 

(Item  101) 

(103)  (Item  92)  —  (Item  91). 

(104)  (Item  90)   (Item  103). 

(105)  Water-back  correction:  -y= 7—-  • 

(Item  101) 

(106)  (Item  87)  -  (Item  88). 

(107)  (Item  106)    (Item  93). 

(108)  Steam  equivalent  of  blow-off  leak; — 7^ -t^tt* 

(Item  101) 

(109)  Correction  for  leakage  from  blow-off,  etc.;   (Item  93)  —  (Item 

108). 

(110)  Total  weight  of  water  to  boiler,  corrected;  (Item  67)  +  (Item 

72)  +  (Item  102)  +  (Item  105)  +  (Item  109). 

(Item  101) 


(111)     Factor  of  evaporation; 


970.4 
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(112)  Equivalent  evaporation  from  and  at  212°  F.,  lb.; 

(Item  110)   (Item  111). 

(113)  Equivalent  evaporation  per  hr.,  lb.;    (Item  112)  ^ 

(Item  3) 

(114)  Equivalent  evaporation  per  sq.  ft.  of  water  heating  surface  per 

,       .,        (Item  113) 

hr.,  lb. ;  — rr- -~  • 

(Item  5) 

(115)  Horsepower  developed;  — - — — - -• 

o4.0 

(116)  Builder's  rated  horsepower. 

(117)  Percentage  of  builder's  rating  developed,  per  cent; 
(Item  115) 


(Item  116) 


100. 


(118)  Water  apparently  evaporated  per  lb.  of  coal  fired,  lb. ;  ^j- — ■■• 

(119)  Equivalent  evaporation  per  lb.  of  coal  fired,  lb.;  y=r ^rf  • 

(120)  Equivalent  evaporation  per  lb.  of  dry  coal,  lb.;  -jj- — ^- 

(121)  Equivalent  evaporation  per  lb.  of  combustible  consumed,  lb.; 

(Item  112) 
(Item     29)' 

(122)  Heat  absorbed  by  boiler  per  lb.  of  combustible  consumed,  B.  t.  u. ; 

970.4  (Item  121). 

(123)  Efficiency  of  boiler  and  furnace  excluding    grate,    per    cent; 

(Item  122) 
(Item     63) 

(124)  Efficiency  of  boiler,  furnace,  and  grate,  per  cent; 

(Item  186) 
(Item     62)  ' 

(125)  (Item  189)  +  (Item  196)  +  (Item  198)  -f  (Item  204)  +  (Item 

206)  +  (Item  209)  +  (Item  211)  +  (Item  214). 

(126)  Heat  available  for  use  by  boiler,  B.  t.  u.;   (Item  62)  —  (Item 

125). 

(127)  Efficiency  of  furnace  and  grate,  per  cent;   100   -yyr ttt •• 
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(128)  Efficiency  of  boiler,  per  cent;  100    ^em  ^  . 
v       '  J  r  (Item  126) 

(129)  (Item  62)  -  (Item  211). 

(130)  Efficiency  of  furnace,  per  cent:  100  -±- -f  • 

v       '  J  '  *  (Item  129) 

/iQiN        (Item  224)    (Item  128) 

(131)  100 

(132)  (Item  186)  +  (Item  131). 

(133)  Over-all  efficiency  based  on  zero  air  leakage,  per  cent ; 

(Item  132) 
(Item     62)' 

(134)  Cost  of  coal  per  ton  of  2,000  lb.,  dollars. 

(135)  Tons  of  coal  per  1,000  lb.  of  water    apparently    evaporated; 

0.5 
(Item  118) ' 

(136)  Cost  of  coal  to  evaporate  1,000  lb.  of  water  under  observed  con- 

ditions, dollars;  (Item  134)   (Item  135). 

(137)  Tons  of  coal  per  1,000  lb.  of  water  evaporated  from  and  at  212°F. ; 

0.5 
(Item  119) ' 

(138)  Cost  of  coal  to  evaporate  1,000  lb.  of  water  from  and  at  212°F., 

dollars;  (Item  134)  (Item  137). 

ANALYSIS  OF  DRY  GAS  AT  FURNACE. 

(139)  C02,  percent. 

(140)  02,  per  cent. 

(141)  CO,  per  cent. 

(142)  N2  (by  difference),  per  cent. 

ANALYSIS  OF  DRY  GAS  AT  FLUE. 

(143)  C02,  per  cent. 

(144)  02,  per  cent. 

(145)  CO,  per  cent. 

(146)  N2  (by  difference),  per  cent. 

(147)  0.1261   (Item  50). 

(148)  0.0535   (Item  54). 

(149)  0.268   (Item  51). 
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(150)  0.01  (Item  53). 

(151)  0.0335  (Item  52). 

(152)  (Item  147)  +  (Item  148)  +  (Item  149)  +  (Item  150). 

(153)  Theoretical  dry  gas  for  complete  combustion  per  lb.  of  dry  coal, 

lb.;  (Item  152)  -  (Item  151). 

(154)  4  (Item  139). 

(155)  (Item  154)  +  (Item  140)  +  700. 

(156)  (Item  139)  +  (Item  141). 

(157)  3  (Item  156). 

(158)  Actual  weight  of  dry  gas  per  lb.  of  carbon  consumed,  at  furnace, 

(Item  155) 
;    (Item  157) 

(159)  Total  weight  of  carbon  fired,  lb.;  ^55L 2 


100 

(160)  Weight  of  carbon  consumed,  lb.;  (Item  159)  —  (Item  28). 

(161)  Weight  of  carbon   consumed  per  lb.   of  dry    coal    fired,    lb.; 

(Item  160) 
(Item     24)' 

(162)  Actual  weight  of  gas  per  lb.  of  dry  coal,  at  furnace,  lb.;  (Item 

161)   (Item  158). 

(163)  4  (Item  143). 

(164)  (Item  163)  +  (Item  144)  +  700. 

(165)  (Item  143)  +  (Item  145). 

(166)  3  (Item  165). 

(167)  Actual  weight  of  gas  per  lb.  of  carbon  consumed,  at  fine,  lb.; 

(Item  164) 
(Item  166)  ' 

(168)  Actual  weight  of  dry  gas  per  lb.  of  dry  coal,  at  flue,  lb.;  (Item 

161)   (Item  167). 

(169)  0.116    (Item  50). 

(170)  0.348   (Item  51). 

(171)  (Item  52)  — (Item  54). 

(172)  0.0435   (Item  171). 

(173)  (Item  169)  +  (Item  170). 

(174)  Theoretical  weight  of  air  per  lb.  of  dry  coal,  for  complete  combus- 

tion, lb.;  (Item  173)  -  (Item  172). 

(175)  0.33  (Item  156). 
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(176)  Actual  weight  of  air  per  lb.  of  carbon  consumed,  at  furnace,  lb.; 

(Item  142) 
(Item  175)' 

(177)  Actual  weight  of  air  per  lb.  of  dry  coal,  at  furnace,  lb.;  (Item 

161)   (Item  176). 

(178)  0.33  (Item  165). 

(179)  Actual  weight  of  air  per  lb.  of  carbon  consumed,  at  flue,  lb.; 

(Item  146) 
(Item  178)  ' 

(180)  Actual  weight  of  air  per  lb.  of  dry  coal,  at  flue,  lb.;  (Item  161) 

X  (Item  179). 

(181)  Weight  of  air  leakage,  per  lb.  of  dry  coal,  lb.;   (Item  180)  — 

(Item  177). 

(182)  Weight  of  excess  air  per  lb.  of  dry  coal,  at  furnace,  lb.;  (Item 

177)  —  (Item  174). 

(183)  Per  cent  excess  air,  at  furnace;  100  — — tztv 

'  (Item  174) 

(184)  Weight  of  excess  air  per  lb.  of  dry  coal,  at  fine,  lb.;  (Item  180) 

—  (Item  174). 

(185)  Per  cent  excess  air,  at  flue  :  100  — 7= _ ^,t{  • 

v        J  (Item  174) 

HEAT  BALANCE. 

(186)  Heat  absorbed  by  boiler  per  lb.  of  dry  coal,  B.  t.  u. ;  970.4  (Item 

120). 

(187)  (Item  18)  —  (Item  17). 

(188)  0.24  (Item  153). 

(189)  Loss  due  to  theoretical  gas  up  to  temperature  of  steam,  B.  t.  n.; 

(Item  188)   (Item  187). 

(190)  212—  (Item  17). 

(191)  (Item  18) —212. 

(192)  0.5  (Item  191). 

(193)  970.4+  (Item  190)  +  (Item  192). 

(194)  0.01  (Item  22)  (Item  41). 

(Item  194) 
(iy°j        (Item     24) 

(196)     Loss  due  to  moisture  in  coal,  np  to  steam  temperature,  B.  t.  u. ; 
(Item  195)   (Item  193). 
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(197)  0.09  (Item  51). 

(198)  Loss  due  to  H2  in  coal,  up  to  steam  temperature,  B.  t.  u. ; 

(Item  197)  (Item  193). 

(199)  Wet  bulb  reading,  deg.  F. 

(200)  Dry  bulb  reading,  deg.  F. 

(201)  Grains  of  moisture  per  lb.  of  air  (from  Carrier's  chart). 

,™«v     t,         •  ,  ,i      •       (Item  201) 

(202)  Lb.  moisture  per  lb.  air;  i>~nnn 

(203)  Moisture  from  air  per  lb.  dry  coal,  lb.;  (Item  177)  (Item  202). 

(204)  Loss  due  to  moisture  in  air,  up  to  steam  temperature,  B.  t.  u.; 

(Item  203)  (Item  193). 

(205)  0.24  (Item  182). 

(206)  Loss  due  to  excess  air,  up  to  steam  temperature,  B.  t.  u. ;  (Item 

205)  (Item  187). 

(m)  -g=m 

(Item  165) 

(208)  10,140  (Item  207). 

(209)  Loss  due  to  CO  formed,  B.  t.  u.;  (Item  208)   (Item  161). 

(Item  28) 
<210)         (Item  24)  '  j 

(211)  Loss  due  to  combustible  in  ash,  B.  t.  u.;  14,540  (Item  210). 

(212)  (Item  20)  —  (Item  17). 

(213)  0.28  (Item  212). 

(214)  Loss  due  to  temperature  of  leaving  ash  and  refuse,  B.  t.  u.; 

0.01  (Item  30)  (Item  213). 

(215)  (Item  21)  —  (Item  18). 

(216)  Loss  due  to  theoretical  dry  gas,  above  steam  temperature,  B. 

t.  u.;  (Item  215)   (Item  188). 

(217)  0.5  (Item  215). 

(218)  Loss  due  to  moisture  in -coal,  above  steam  temperature,  B.  t.  u. ; 

(Item  195)  (Item  217). 

(219)  Loss  due  to  H2  in  coal,  above  steam  temperature,  B.  t.  u.;  (Item 

197)  (Item  217). 

(220)  Loss  due  to  moisture  in  air,  above  steam  temperature,  B.  t.  u.; 

(Item  203)  (Item  217). 

(221)  Loss  due  to  excess  air,  above  steam  temperature,  B.  t.  u. ;  (Item 

215)  (Item  205). 
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(222)  (Item  21)  —  (Item  17). 

(223)  0.24  (Item  222). 

(224)  Loss  due  to  air  leakage,  total,  B.  t.  u. ;  (Item  181)   (Item  223). 

(225)  (Item  18G)  +  (Item  216)  +  (Item  218)  +  (Item  219)  +  (Item 

220)  +  (Item  221)  +  (Item  224). 
(22G)     Radiation,  conduction,  and  unaccounted-for  loss.  I>.  t.  u.;  (Item 
126)  —  (Item  225). 

/o^x     TT         .       ,  '     ,     ,    .,  100  (Item  18G) 

(227)  Heat  absorbed  by  boiler,  per  cent; ~- — 

(228)  Loss  due  to  theoretical  gas,  up  to  steam  temperature,  per  cent; 

100  (Item  189) 
(Item  62) 

(229)  Loss  due  to  moisture  in  coal,  up  to  steam  temperature,  per  cent; 

100  (Item  196) 
(Item  62) 

(230)  Loss  due  to  H2  in  coal,  up- to  steam  temperature,  per  cent; 

100  (Item  198) 
(Item  62) 

(231)  Loss  due  to  moisture  in  air,  up  to  steam  temperature,  per  cent; 

100  (Item  204) 
(Item  62) 

(232)  Loss  due  to  excess  air,  up  to  steam    temperature,    per    cent; 

100  (Item  206) 
(Item  62) 

_   .  ,  100  (Item  209) 

(233)  Loss  due  to  CO  formed,  per  cent;  — — • 

,_     _.     .  100  (Item  211) 

(234)  Loss  due  to  combustible  m  ash,  per  cent;  — — 

(235)  Loss    due    to    temperature    of    ash    and    refuse,    per    cent; 

100  (Item  214) 
(Item  62) 
(23G)     Loss  due  to  theoretical  gas,  above  steam  temperature,  per  cent; 
100  (Item  216) 
(Item  62) 
(237)     Loss  due  to  moisture  in  coal,  above  steam  temperature,  per  cent; 
100  (Item  218) 
(Item  62) 
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(238)  Loss  due  to  H2  in  coal,  above  steam    temperature,    per    cent; 

100  (Item  219) 
(Item  62) 

(239)  Loss  due  to  moisture  in  air,  above  steam  temperature,  per  cent; 

100  (Item  220) 
(Item  62) 

(240)  Loss   due   to   excess   air,   above   steam   temperature,   per   cent; 

100  (Item  221). 
(Item  62) 

,      T         ,  .     _    ,  ,  .  100  (Item  224) 

(241)  Loss  due  to  air  leakage,  total,  per  cent;  777 — • 

v       '  (Item  62) 

(242)  Radiation,    conduction,    and    unaccounted-for    loss,    per    cent; 

100  (Item  226). 
(Item  62) 
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THE  COKING  OF  COAL  AT  LOW  TEMPERATURES  WITH 

SPECIAL  REFERENCE  TO  THE  PROPERTIES  AND 

COMPOSITION  OF  THE  PRODUCTS 

I.    Introduction. 

1.  Preliminary. — This  report  covers  a  series  of  studies  made  dur- 
ing the  period  from  1911  to  1913  on  the  coking  properties  of  Illinois 
coal.  It  is  a  continuation  of  the  work  described  in  Bulletin  No.  60  of 
the  University  of  Illinois  Engineering  Experiment  Station.*  Its  dis- 
tinctive feature  has  been  the  use  of  an  apparatus  which  would  yield 
the  main  products  of  coke,  gas,  and  tar  in  quantities  sufficient  for  a 
detailed  study  of  these  products,  and,  to  a  certain  extent,  quantities 
sufficient  for  a  determination  of  their  values  by  practical  tests  on  a 
commercial  scale. 

2.  Resume  of  Previous  Work. — In  the  experiments  described  in 
Bulletin  No.  60  the  apparatus  used  had  a  capacity  of  6  to  8  pounds 
of  coal  at  a  charge.  Notwithstanding  this  limited  capacity,  certain 
fundamental  facts  were  developed  as  follows : 

(a)  The  formation  of  coke  depends  upon  the  presence  of  certain 
constituents  having  a  melting  point  which  is  lower  than  the  temper- 
ature at  which  decomposition  or  carbonization  takes  place. 

(b)  Oxidation  of  these  compounds  may  easily  take  place  and  the 
greatest  coking  effect  is  obtained  where  the  opportunity  for  the  mini- 
mum amount  of  oxidation  has  occurred.  The  condition  prescribed, 
therefore,  is  that  there  shall  be  the  least  possible  exposure  to  oxidation 
either  before  or  during  the  process  of  carbonization. 

(c)  Coals  containing  an  excessive  quantity  of  the  coking  sub- 
stance produce  a  light  porous  coke.  The  texture  of  the  product  may 
be  modified  by  use  of  pressure  and  by  close  packing  of  the  charge  and 
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especially  by  mixing  with  material  which  has  already  passed  through 
the  coking  process.  Such  a  mixture  provides  the  physical  conditions 
whereby  the  gases  formed  may  readily  pass  out  of  the  mass  without 
carrying  along  the  cementing  substances. 

(d)  By  use  of  temperatures  between  400°  and  500° C.  all  of  the 
resulting  products  are  of  a  type  distinctly  different  from  those  ob- 
tained by  the  usual  high  temperature  procedure. 

3.  Outline  of  Present  Investigation. — An  apparatus  was  designed 
to  utilize  about  100  pounds  of  coal.  Experience  in  the  use  of  the 
apparatus  indicated  also  the  main  principles  which  should  be  em- 
bodied in  a  commercial  equipment.  The  coking  process  was  studied, 
and  the  mixture  for  producing  the  best  product  determined.  It  was 
found  that  a  smokeless  fuel  may  be  produced  especially  well  adapted 
to  domestic  purposes,  including  its  use  in  open  grates.  Its  freedom 
from  tar  or  condensable  hydrocarbons  makes  it  easily  adapted  to  gen- 
erating producer  gas,  thus  affording  a  good  substitute  for  anthracite 
coal  in  suction  gas  producer  practice. 

In  the  study  of  the  composition  and  properties  of  the  tar,  this  ma- 
terial was  found  to  have  a  very  low  content  of  free  carbon,  a  relatively 
high  percentage  of  light  boiling  distillate,  and  an  unusually  high  con- 
tent of  tar  acids  or  phenols.  The  latter  fact  is  of  special  interest  to 
the  wood  preserving  industry. 

II.     Experimental  Work. 

4.  Description  of  Coking  Oven. — The  apparatus  used  in  the  ex- 
periments is  an  elaboration  of  that  employed  in  1910,  described  on 
page  5  of  Bulletin  60,  and  is  capable  of  producing  material  in  greater 
quantities  than  was  possible  with  the  older  type. 

The  device  was  manufactured  by  Burr  and  Company  of  Cham- 
paign, Illinois,  and  is  illustrated  in  Fig.  1.  As  shown  in  the  detailed 
diagram  Fig.  2,  it  consists  of  a  boiler  plate  shell  A,  lined  with  asbestos 
to  prevent  excessive  radiation  of  heat ;  within  this,  forming  the  coking 
chamber,  is  a  shell  B  of  the  same  material  containing  a  cone  of  light 
sheet  iron  C,  perforated  with  3/16  in.  holes,  designed  to  confine  the 
coal  charge  and  to  allow  a  free  circulation  of  gases.  To  obtain  the  non- 
oxidizing  atmosphere  such  as  was  used  with  the  old  apparatus,  steam 
was  admitted  from  the  high  pressure  main  at  E,  passed  through  the 
coil  F  where  it  was  superheated  by  the  hot  currents  ascending  from  the 
gas  burner  and  then  conducted  into  the  coking  chamber.  The  heat  was 
supplied  by  a  blast  ring  burner  D,  connected  with  the  gas  and  air 
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Fig.  1.    Apparatus  for  Low  Temperature  Distillation  of  Coal 
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mains,  and  no  difficulty  was  experienced  in  producing  the  desired  tem- 
peratures. The  charge  of  crushed  coal  was  fed  into  the  hopper  G  and 
admitted  to  the  retort  through  a  large  gate  valve.  The  coked  residue 
was  removed,  after  cooling  the  apparatus,  through  the  bottom  at  H. 
Gases  of  combustion  escaped  through  the  opening  J,  which  was  con- 
nected with  a  flue,  while  the  distillates  were  conducted  through  an 
outlet  pipe  to  a  condenser  consisting  of  several  four-foot  lengths  of 
inch  pipe  connected  by  return  elbows.  Cold  water  was  allowed  to 
drip  over  this  gridiron-like  contrivance.  The  tars  were  passed  through 
a  water  sealed  exit  at  the  bottom,  while  the  gases,  fairly  clean,  were 
collected  in  a  gasometer. 

5.  Coking  Tests. — To  study  further  the  coking  qualities  of  Illinois 
coals  at  temperatures  ranging  from  400° C.  to  500 °C.  and  to  obtain  a 
quantity  of  the  coke  residue  sufficient  in  amount  for  practical  tests  in 
order  to  determine  its  commercial  value,  a  series  of  runs  was  made 
using  the  apparatus  described.  Numerous  coals  from  the  different 
fields  of  the  State  were  included  in  this  set  of  experiments.  In  this  re- 
port, however,  products  from  representative  types  only  are  illustrated 
and  described  since  the  results  of  tests  of  different  coals  of  a  given 
field  showed  little  variation.  Of  particular  interest  during  the  process 
of  distillation  was  the  behavior  of  the  coals  from  the  northern  districts, 
especially  those  from  Vermilion  County.  As  the  heating  progressed,  a 
black  pitchy  substance  dripped  from  the  joints  of  the  containing  ovens 
but  it  hardened  immediately  on  cooling,  forming  a  brittle  mass  much 
resembling  asphalt.  This  was  undoubtedly  the  cementing  principle 
which  is  instrumental  in  forming  coke.  According  to  Lewes  it  consists 
of  substances  derived  from  the  resins  of  the  original  coal  sources,  which 
melt  at  about  300 °C.  and  decompose  at  slightly  higher  temperatures 
yielding  on  the  one  hand  liquid  products  which  distil  out  as  tar  vapors 
and  hydrocarbon  gases,  and  on  the  other,  a  pitch  residuum,  which  at 
500 °C.  forms  a  mass  of  coke.  His  general  theory  that  these  resinic 
substances  are  readily  oxidizable  and  in  their  oxidized  condition  have 
much  to  do  with  coke  formation  is  borne  out  in  these  experiments  by 
the  fact  that  no  weathered  coal  of  any  type  produced  the  gummy  ex- 
udation mentioned,  although  there  was  no  apparent  diminution  m  the 
amount  of  gases  given  off.  Compared  with  the  bituminous  coals  of  the 
Eastern  States,  those  of  Illinois  are  exceedingly  rich  in  this  resinous 
binding  material.  Even  those  from  the  southern  districts  of  the  State 
while  not  as  "fat"  as  those  from  Sangamon  and  Vermilion  Counties, 
nevertheless,  much  surpass  in  this  respect  coals  like  the  Pocahontas, 
and  those  from  Ohio  and  Pennsylvania.    Strangely  enough  the  abun- 
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Fig.  2.    Cross  Section  of  Apparatus  for  Low  Temperature  Distillation 

of  Coal. 
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dance  of  the  coking  material  which  the  western  types  possess  is  the 
cause  of  their  inferiority  in  the  matter  of  making  dense,  hard  coke ;  for 
with  the  decomposition  of  the  resinic  bodies  and  the  deposition  of 
cementing  carbon  there  occurs  at  the  same  time  an  evolution  of  large 
quantities  of  gases  which  inflate  the  pasty  mass  and  make  the  result- 
ing coke  more  or  less  light  and  spongy.  Indeed,  certain  Vermilion 
County  coals,  after  being  heated  under  conditions  which  allow  free  ex- 
pansion, present  the  appearance  of  hardened  froth,  because  of  the 
excessive  development  of  cell  structure  in  the  coke. 

As  has  been  shown  in  the  previous  work  the  porosity  of  the  product 
may  be  appreciably  reduced  by  subjecting  the  contents  of  the  oven 
during  the  heating  period  to  a  considerable  pressure.  Another  means 
to  the  same  end  which  was  recognized  in  the  first  experiments  and 
which  has  been  applied  in  the  latter  series  is  the  addition  of  inert  coke 
dust  to  the  raw  coal  as  fed  into  the  retort.  This  material  acting  in  the 
capacity  of  a  "blotter"  reduces  the  plasticity  of  the  softened  mass  and 
allows  the  gases  to  escape  freely  without  producing  a  blowing  effect.  • 

The  diluting  medium  in  the  case  of  the  specimens  shown  here  was 
a  mixture  of  various  semi-cokes  which  had  accumulated  in  the  course 
of  the  work.  The  material  was  crushed  and  ground  to  a  fineness  of  40 
or  50  mesh  and  thoroughly  mixed  with  the  rest  of  the  charge  in  ball 
mills. 

An  analysis  of  a  composite  sample  of  this  semi-coke  breeze  gave  the 
following  results: 

Table  1. 

Composition  of  Inert  Coke  Mixture. 


Actual 

Dry 

Moisture 

1.85 

Ash 

11.90 

12.15 

Volatile  Matter 

19.85 

20.22 

Sulphur 

2.62 

2.67 

Fixed  Carbon 

66.40 

67.65 

Calorific  Value   (B.  t.  u.) 

11243 

11454 

The  effect  of  the  addition  of  this  foreign  substance  is  exceedingly 
interesting.  Certain  types  of  coal,  as  for  instance  those  from  Ver- 
milion County,  produce  hard  firm  coke  when  mixed  with  as  much  as 
100  per  cent  of  their  own  weight  of  the  coke  dust ;  those  from  the  south- 
ern districts  with  higher  fixed  carbon  do  not  need  so  great  a  dilution. 
Not  only  is  the  texture  made  firmer  by  this  treatment  but  the  density 
is  increased.  Attention  will  be  called  to  the  differences  in  the  prop- 
erties of  the  cokes  in  discussing  the  individual  samples. 
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Coke  was  made  first  from  Vermilion  County  screenings  such  as 
were  furnished  the  power  plant  of  the  University  of  Illinois.  In  or- 
der to  remove  the  dust  which  may  have  been  more  or  less  weathered, 
the  coal  was  passed  over  a  quarter  inch  screen. 

The  resulting  coke,  shown  in  Fig.  3,  is  extremely  light  and  porous, 
having  a  specific  gravity  of  only  .650.  Its  texture  is  firm,  notwith- 
standing the  low  temperature  at  which  it  was  formed  and  it  has  proved 
its  ability  to  stand  considerable  handling  without  excessive  dusting. 
Moreover,  its  porosity  probably  accounts  in  a  large  measure  for  the 
success  obtained  in  using  it  in  the  gas  producer  test  described  later, 
since  the  carbon  is  easily  accessible  to  the  blasts  of  hot  air  and  steam. 

The  coke  shown  in  Fig.  4  was  made  from  Saline  County  coal  and 
was  obtained  from  a  run  in  which  the  time  and  temperature  condi- 
tions were  the  same  as  in  that  of  B-10.  It  illustrates  the  superiority  of 
a  coal  from  the  southern  field  for  coking  purposes.  Compared  with 
the  Vermilion  County  sample  its  texture  is  hard  and  firm  and  it  has 
a  density  more  than  6  per  cent  higher  than  the  latter.  It  may  be 
seen  by  referring  to  the  photographs  that  the  cellular  structure  of 
the  Saline  County  sample  is  relatively  close  and  solid,  and  bears  little 
resemblance  to  the  other. 

One  of  the  best  products  obtained  in  this  series  of  experiments  was 
from  a  coal  from  Williamson  County.  This  sample,  B-16,  Fig.  5,  shows 
a  fine  even  grain  and  has  a  density  of  .750,  more  than  15  per  cent  high- 
er than  B-10.  It  has  remarkable  strength,  both  tensile  and  compres- 
sive, and  stands  rough  handling  without  appreciable  dusting. 

Other  coals  from  Williamson  County  have  shown  the  good  coking 
qualities  which  characterize  the  southern  types.  The  particular  sam- 
ple illustrated  in  Fig.  6  shows  an  uncarbonized  center  but  the  outer 
portion  is  consistently  dense  and  hard  and  has  considerable  strength. 

In  the  course  of  the  work  tests  were  made  of  many  coals  from  other 
localities  as  well  as  from  different  beds  in  the  same  locality.  Included 
in  the  list  are  samples  from  Perry,  Franklin,  Jefferson,  and  Jackson 
Counties,  but  the  cokes  made  from  them  are  so  similar  in  quality  to 
those  already  described  that  they  are  not  separately  discussed. 

Table  2. 
Composition  of  Coke  from  Raw  Coals. 


Heat 

Sample 

Moisture 

Ash 

Volatile  Matter 

Fixed  Carbon 

s 

Value 
B.  t.  u. 

B-10 

1.85 

13.8 

13.20 

71.10 

3.0 

11891 

B  12 

1.20 

11.9 

10.85 

75.95 

1.6 

12520 

B-16 

3.25 

12.4 

11.50 

72.85 

1.5 

12600 

B-19 

2.25 

11.75 

12.30 

73.70 

1.55 

12415 
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The  effect  of  the  addition  of  a  fine  inert  diluting  medium  to  differ- 
ent types  of  raw  coal  is  seen  in  samples  B-18  and  B-21,  Fig.  7  and 
Fig.  8.  The  former  is  the  product  from  the  heating  of  a  mixture  of 
equal  parts  of  Williamson  County  coal  and  the  coke  dust  described 
on  page  8.  It  is  loose  in  texture  and  crumbles  easily  showing  a  defi- 
ciency in  bonding  material.  On  the  other  hand,  B-21,  made  from  equal 
parts  of  Vermilion  County  coal  and  the  coke  in  question,  is  quite  as 
hard  and  firm  as  the  raw  coal  product  and  considerably  denser.  B-22, 
Fig.  9,  is  from  Vermilion  County  coal  diluted  with  one-half  its  weight 
of  inert  material  and  while  it  resembles  B-21  it  has  a  lower  specific 
gravity. 

Williamson  County  coal  although  unable  to  cement  itself  firmly 
when  mixed  with  an  equal  weight  of  non-coking  material  nevertheless 
works  successfully  in  a  mixture  of  two  parts  coal  to  one  part  inert 
material.  B-25,  Fig.  10,  is  both  coherent  and  dense  proving  that  the 
dilution  limit  has  at  least  not  been  exceeded  in  applying  this  mixing 
ratio. 

Saline  County  coal  likewise  produces  better  coke  with  the  addition 
of  foreign  material.  B-13,  Fig.  11,  raw  Saline  County  coal  two  parts 
and  coke  dust  one  part,  is  superior  in  every  way  to  the  coke  from  the 
raw  coal  alone. 

The  composition  of  this  series  of  samples  is  given  in  the  following 
table. 

Table  3. 

Composition  of  Cokes  from  Mixtures  of  Coal  and  Coke  Dust. 


Heat 

Sample 

Moisture 

Ash 

Volatile  Matter 

Fixed  Carbon 

S 

Value 
B.  t  u. 

B-21 

1.35 

14.95 

13.7 

70.0 

3.15 

11750 

B-18 

1.30 

12.9 

13.90 

71.90 

2.50 

12295 

B-22 

1.60 

14.50 

12.70 

71.20 

2.9 

11825 

B-13 

1.40 

14.2 

15.22 

69.18 

2.8 

12150 

B-25 

1.45 

15.4 

10.50 

72.65 

3.0 

11920 

The  rise  in  the  density  of  the  coke  with  the  addition  of  the  inert 
substance  is  shown  by  the  results  of  the  following  specific  gravity 
measurements. 
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Table  4. 
Densities  of  Cokes. 


Description 

Density 

Saline  County  Coal 

i  B-12 
1  B-24 
f  B-13 

(unmixed) 

( raw   % ,  dust   V±  ) 

(raw  %,   dust    */3) 

.687 
.775 

.868 

"Williamson  County  Coal 

\  B-16 
1  B-25 

(unmixed) 

(raw  %,  dust  J/3) 

.750 
.969 

Vermilion  County  Coal 

(  B-10 
■<  B-22 
IB-21 

(unmixed) 

(raw  %,   dust   V3) 

(raw1/^,   dust    V2) 

.650 

.848 
852 

For  purposes  of  comparison  it  is  interesting  to  note  that  B-29,  Fig. 
12,  a  16-hour  Solvay  coke  from  an  Illinois  coal  has  a  density  of  .830 ; 
B-30,  Fig.  13,  a  48-hour  compressed  charge,  .986 ;  while  a  representa- 
tive sample  of  bee-hive  Connellsville  has  a  density  of  about  1.12. 

While  the  methods  described  in  the  foregoing  may  not  be  applied 
directly  on  a  commercial  scale  to  operations  for  making  metallurgical 
coke,  still  it  is  hoped  that  the  results  obtained  may  at  least  help  to 
establish  the  characteristics  of  the  coals  of  the  State  with  regard  to 
their  adaptability  to  this  use  and  to  suggest  methods  and  principles 
on  which  to  work  in  solving  the  problem  of  making  cokes  of  good  qual- 
ity from  such  material.  Unquestionably  they  possess  coking  proper- 
ties to  a  marked  degree  but  need  to  be  treated  differently  from  the 
eastern  coals  with  their  higher  percentages  of  fixed  carbon. 

6.  Gas  Producer  Tests. — Early  in  the  course  of  this  work,  the 
study  of  the  products  resulting  from  the  distillation  of  bituminous 
coals  at  low  temperatures  suggested  the  possibility  of  using  them  as 
fuels  for  the  gas  producer  whereby  it  was  hoped  to  obtain  gases  suffi- 
ciently free  from  tar  to  be  suitable  for  use  in  the  internal  combustion 
engine.  Previous  experiments  had  shown  that  the  moderate  tempera- 
tures of  the  preliminary  heating  period  were  effective  in  expelling  the 
major  part  of  the  tar-producing  substances  and  that  the  residue,  dis- 
tilled a  second  time  at  high  temperatures,  yielded  gases  remarkably 
free  from  heavy  condensation  products. 

In  order  to  give  the  matter  a  practical  test,  arrangements  were 
made  with  Professor  C.  R.  Richards  of  the  Department  of  Mechanical 
Engineering  of  the  University  of  Illinois  for  the  use  of  the  necessary 
apparatus  of  his  department  and  with  Mr.  A.  P.  Kratz  of  the  Engi- 
neering Experiment  Station  for  his  services  in  conducting  the  trial 
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run.    By  means  of  the  device  already  described  a  quantity  of  coke  was 
prepared  and  it  was  fired  in  the  usual  manner. 

The  fuel  used  in  this  test  was  the  semi-coke  product  obtained  in 
subjecting  Vermilion  County  screenings  from  the  University  power 
plant  to  low  temperature  distillation  (400°C-550°C).  This  test  ma- 
terial, four  or  five  hundred  pounds  in  weight,  consisted  of  pieces  vary- 
ing in  size  from  three-fourths  of  an  inch  to  two  inches  in  diameter, 
but  the  charge  as  fired  contained  some  dust.  It  was  light  and  porous 
and  lay  on  the  fuel  bed  without  showing  much  tendency  to  pack.  The 
following  tables  show  its  composition. 

Table  5. 
Proximate  Analysis  of  Producer  Test  Fuel. 


Moisture 

2.28 

Ash 

15.82 

Sulphur 

3.13 

Volatile  Matter 

18.00 

Fixed  Carbon 

63.90 

Calorific  Value   (B.  t.  u. ) 

11601 

Table  6. 
Ultimate  Analysis  of  Producer  Test  Fuel. 


Carbon  69.86 
Hydrogen  2.76 
Oxygen  5.15 
Nitrogen  (estimated)  1.00 
Sulphur  3.13 
Ash  lo. 82 
Water 2.28 

The  producer  used  was  a  Number  3  Otto,  designed  to  operate  on 
anthracite  pea  coal,  with  a  wet  scrubber  attached.  The  latter  was 
merely  a  shell  filled  with  coke  through  which  the  gas,  admitted  at  the 
bottom,  passed  counter  to  a  stream  of  water  flowing  from  the  top. 
Using  anthracite  coal  the  normal  capacity  of  the  producer  was  4500 
cu.  ft.  of  gas  per  hour. 

In  place  of  the  gas  engine  which  under  normal  working  conditions 
draws  the  gas  from  the  scrubber,  a  Schiitte-Koerting  steam  ejector  was 
used.  This  delivered  the  mixture  of  steam  and  gas  to  a  condenser  and 
thence  to  a  Westinghouse  meter  of  the  wet  type  which  had  been  cali- 
brated just  before  the  test  was  made. 

Inasmuch  as  the  supply  of  fuel  was  limited  the  usual  method  of 
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starting  and  stopping  was  varied  somewhat.  Before  beginning  the 
experimental  part  of  the  work,  the  producer  was  fired  with  anthracite 
and  thoroughly  warmed  up.  This  fire  was  then  drawn  and  a  new  one 
made  with  a  weighed  amount  of  wood  and  the  fuel  to  be  tested,  and 
the  operation  continued  until  gas  of  a  good  quality  was  given  off,  when 
the  test  was  declared  begun.  During  this  preliminary  period,  as  in 
the  rest  of  the  run,  the  measured  gas  was  sampled  by  means  of  the  con- 
tinuous sampler  which  is  a  part  of  the  installation. 

At  the  close  of  the  test,  the  fuel  bed  was  burned  as  low  as  was 
deemed  practicable,  the  ash  pit  cleaned,  and  the  ash  weighed  and  sam- 
pled. The  residue  on  the  grates  was  then  drawn  out,  quenched, 
weighed,  and  sampled. 

After  the  test  was  started  all  the  coal  put  into  the  producer  was 
weighed.  The  total  fuel  charge  used  in  the  test  then  included  the  coal 
equivalent  of  the  wood  and  coal  used  to  start,  plus  the  coal  fired  dur- 
ing the  test,  minus  the  coal  equivalent  of  the  carbon  in  the  gas  given 
off  before  the  formal  start,  minus  the  coal  equivalent  of  the  residue  in 
the  fuel  bed  at  the  close.    Putting  this  into  a  formula : 

(W3  +  W5)  14560  +  W,  X  62000 
w  =  W1  +  Wo  —  — — — ^j— — 

W  =  Total  weight  of  equivalent  coal  fired  during  test. 

W-l  =  Total  weight  of  equivalent  coal  in  producer  at  start. 

W2  =  Total  weight  of  coal  fired  during  test. 

W3  =  Total  weight  of  carbon  appearing  in  gas  before  starting. 

W4  =  Total  weight  of  hydrogen  appearing  in  gas  before  starting. 

W5  =  Total  weight  of  carbon  within  fuel  bed  at  close  of  test. 

H  =  Heating  value  of  the  coal,  B.  t.  u. 

Since  the  first  sample  contained  practically  no  hydrogen  the  last 
term  in  the  above  formula  becomes  zero. 

Gas  samples  were  drawn  from  a  point  beyond  the  ejector  where  the 
gas  was  under  pressure,  and  were  taken  over  mercury.  Coal  and  ash 
samples  were  taken  in  the  usual  manner. 

Water  fed  into  the  vaporizer  was  weighed  in  a  tank  on  scales.  The 
weight  of  the  overflow  from  the  vaporizer  was  obtained  in  the  same 
manner,  and  the  weight  of  the  water  going  into  the  fuel  bed  from  this 
source  was  the  difference  between  these  two. 

All  temperatures  were  taken  with  mercury  thermometers  with  the 
exception  of  that  of  the  gas  at  the  producer  outlet  which  was  obtained 
by  means  of  a  Hoskins  pyrometer. 
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An  attempt  was  made  to  get  tar  samples  just  as  the  gas  left  the 
producer  but  it  was  found  that  the  amount  of  tar  formed  was  not 
appreciable  and  the  sampling  was  discontinued. 

The  Junker  calorimeter  was  used  to  obtain  the  heating  value  of  the 
gas,  about  one  sample  an  hour  being  taken. 

The  form  for  recording  the  results  of  this  test  is  abridged  from 
the  one  given  in  Bulletin*  No.  50  of  the  University  of  Illinois  En- 
gineering Experiment  Station,  where  details  of  methods  of  computa- 
tion may  also  be  found. 

The  firing  sheet  for  this  test  showed  that  the  producer  ran  success- 
fully and  gave  little  trouble.  Because  of  the  small  diameter  of  the 
fuel  bed,  resulting  in  considerable  friction,  the  lightness  of  the  ma- 
terial used,  and  its  slight  tendency  to  coke  and  arch,  the  fuel  above 
the  bed  proper  did  not  feed  down  as  rapidly  as  it  was  burned.  Hence 
it  was  necessary  about  once  an  hour  to  poke  it  down  with  a  slice  bar 
and  in  this  respect  it  probably  required  a  little  more  attention  than  a 
charge  of  anthracite. 

It  may  be  noted,  however,  that  it  was  necessary  to  poke  and  clean 
the  grates  from  the  bottom  but  once  during  the  six  hours  of  the  trial. 
With  so  small  a  producer  this  indicates  a  remarkable  freedom  from 
ash  and  clinker  trouble.  On  cleaning  the  fire  small  pieces  of  clinker 
were  found  in  the  ash,  but  there  was  none  at  all  sticking  to  the  sides, 
where  it  usually  collects.  The  high  grate  efficiency,  98.2  per  cent,  also 
shows  that  the  fires  required  little  attention,  since  poking  and  cleaning 
invariably  force  much  unburned  carbon  out  into  the  ash. 

The  fact  that  the  fire  required  so  little  attention  has  an  added 
significance  in  connection  with  a  producer  having  a  small  fuel  bed, 
such  as  the  one  used  in  this  test.  Usually,  the  inrush  of  air,  when 
the  doors  are  opened  for  cleaning,  dilutes  the  gases  sufficiently  to 
make  them  too  lean  to  burn,  but  with  the  fuel  in  question  less  trouble 
was  experienced  in  this  respect  than  is  usually  the  case  with  anthra- 
cite, for  at  no  time  did  the  pilot  flame  go  out  and  there  was  no  great 
variation  in  the  calorimeter  readings. 

A  study  of  the  temperature  of  the  gas  leaving  the  producer  throws 
considerable  light  on  the  condition  of  the  fuel  bed.  If  the  bed  becomes 
clinkered,  or  if  holes  form  in  the  fire,  air  goes  through  without  coming 
into  intimate  contact  with  the  carbon.    This  chimney  effect  causes  the 


rTests  of  a  Suction  Gas  Producer.     Garland  and  Kratz.    1912. 
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gas  to  burn  at  the  surface  of  the  bed  and  the  temperature  to  rise. 
Sometimes  it  is  very  difficult  tc  keep  the  temperature  down  and  clean- 
ing and  poking  have  little  effect.  In  the  case  under  discussion,  how- 
ever, the  temperature  never  rose  above  420  °C  except  during  the  last 
twenty  minutes  of  the  test,  when  the  fire  was  so  low  that  it  was  essen- 
tially a  furnace  and  not  a  producer. 

No  trouble  was  experienced  with  tar.  There  was  little  evidence  of 
its  presence  in  the  fuel  bed,  and  an  attempt  to  get  a  sample  of  it  from 
the  gas  leaving  the  producer  showed  that  it  was  present  in  negligible 
quantities  only.  On  cleaning  the  ejector  at  the  close  of  the  run  a  small 
amount  of  tar  was  noticed  but  most  of  the  deposit  was  of  the  nature  of 
scale.  It  is  to  be  remembered  that  before  going  to  the  ejector  the 
gas  had  first  passed  through  the  scrubber. 

The  efficiencies  (hot  gas  74.4  per  cent  and  cold  gas  64.9  per  cent) 
compare  very  favorably  with  those  obtained  in  using  anthracite  coal  of 
the  same  ash  content. 

Data  and  results  are  given  in  the  following  table. 

Table  7. 
Results  of  Gas  Producer  Trial. 

Made  by  A.  P.  Kratz  and  H.  L.  Olin. 

Mechanical  Engineering  Laboratory,  University  of  Illinois. 

Make  of  Producer,  Otto. 

Kind  of  Fuel — Semi-coked  Vermilion  County  Coal. 

Type  of  Producer — Suction  for  Anthracite. 

Duration   of  Trial — hours 6.33 

DIMENSIONS    AND    PROPORTIONS 

Great  area,  sq.  ft 1.666 

Mean  diameter  of  fuel  bed,  ft 1.545 

Depth  of  fuel  bed,  ft 2.21 

Area  of  fuel  bed,  sq.  ft 1.877 

Approximate  width  of  air  spaces  in  grate,  inches 0.5 

Area  of  air  space,  sq.  ft 0.722 

Ratio  of  air  space  to  whole  grate 0.433 

Area  of  discharge  pipe,  sq.  ft 0.165 

Water  heating  surface  in  vaporizer,  sq.  ft 2.7 

AVERAGE    PRESSURES 

Average  corrected  barometer  reading,  inches  mercury 29.52 

Draft  in  ash  pit,  inches  water   0.45 

Suction  at  producer  outlet,  inches  water 0.88 

Pressure  at  meters,  inches  water   3.69 

Absolute  pressure  at  meters,  inches  mercury 29.69 

Vapor  pressure  at  meters,  inches  mercury 1.9 

Dry  gas  pressure  at  meters,  inches  water 27.79 
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Table  7.    (Continued) 

average  temperatures  (Degrees  Centigrade) 

At   barometer,    28.3 

Of  fire  room,    33.3 

Of  feed  water  entering  vaporizer, 23.4 

Overflow  from  vaporizer, 84.8 

Of  water  entering  scrubber,   14.8 

Of  water  leaving  scrubber,    45.7 

Of  gases  leaving  producer    378.0 

Of  gases  leaving  first  scrubber,   34.5 

Of  gases  entering  meters,   38.2 

Of  gases  entering  meters,  (absolute)    311.2 

FUEL 

Weight  of  wood  used  in  starting,  lb 9 

Volume  of  gas  given  off  before  start  of  test,  cu.  f t 2238 

Volume  of  standard  gas  given  off  before  start  of  test,  cu.  ft 2010 

Weight  of  equivalent  coal  as  fired,  lb 381 

Percentage  of  moisture  in  coal   2.28 

Total  weight  of  dry  coal  fired,  lb 372 

Total  ash  and  refuse,  lb 37 

Total  weight  of  residual,  lb 49 

Total  weight   of  combustible,  lb 280.6 

COMPOSITION  OF  PRODUCER   FUEL 

Fixed  carbon,  per  cent 70.77 

Volatile  matter,  per  cent 18.00 

Moisture,  per  cent  2.28 

Ash,  per  cent    15.82 

Sulphur,  separately  determined,  per  cent 3.13 

ULTIMATE  COMPOSITION  OF  PRODUCER  FUEL 

Carbon,  per  cent   71.50 

Hydrogen,  per  cent 2.S2 

Oxygen,  per  cent   5.26 

Nitrogen,  per  cent   1.02 

Sulphur,  per  cent 3.20 

Ash,  per  cent    16.20 

Moisture  in  sample  coal  as  received,  per  cent 2.28 

COMPOSITION  OF  DRY  ASH  AND  REFUSE 

Carbon,  per  cent   '. 14.48 

Earthy  matter,  per  cent 85.52 

COMPOSITION  OF  RESIDUAL  FUEL  ON   GRATE 

Carbon    36.46 

Volatile   matter    7.10 

Moisture     1.18 

Ash   55.30 

FUEL    CONSUMPTION   PER   HOUR 

Dry  coal  per  hour,  lb 58.8 

Dry  coal  per  sq.  ft.  of  grate  area  per  hr.,  lb 35.3 

Dry  coal  per  sq.  ft.  of  fuel  bed  per  hr.,  lb 31.3 
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Table  7.    (Continued) 

calorific  value  of  fuel 
Calorific  value  by  oxygen  calorimeter,  per  lb.  dry  coal,  B.  t.  u 11601 

WATER 

Total  weight  fed  to  vaporizer,  lb 440.0 

Total  weight  of  overflow,  lb 256.0 

Water  actually  evaporated  in  vaporizer,  lb 184.0 

Weight  of  water  fed  to  producer,  lb. 

(a)  From  vaporizer    184.0 

(b)  In  air   (estimated)    6.0 

(c)  In  coal   8.7 

Total     199 

Total  weight  of  water  decomposed  as  used  in  calculations,  lb 91. 

Total  weight  of  moisture  in  gas  leaving  producer,  lb 108. 

Weight  of  water  decomposed  per  lb.  of  gas  generated,  lb 0.0588 

Weight  of  water  decomposed  per  lb.  of  dry  coal  fired,  lb 2.42 

Total  weight  of  scrubber  water,  lb 5880 

GAS 

Calorific  value  per  cu.  ft.    of  standard  gas  from  calorimeter,  B.  t.  u. 

(high  value)    121 

Specific  weight  of  standard  gas,  lb.  per  cu.  f t 0.0670 

Specific  heat  of  dry  gas  leaving  producer   (estimated)    0.260 

Total  volume  of  gas  from  meters,  cu.  ft 26927 

Total  volume  of  standard  gas  at  16.5°C.  and  30  in.,  cu.  ft 23150 

Volume  of  standard  gas  per  hr.  cu.  ft 3660 

Volume  of  standard  gas  per  lb.  of  dry  coal  cu.  ft 62.3 

Total  weight  of  standard  gas,  lb 1552. 

Weight  of  standard  gas  per  lb.  of  dry  coal,  lb 4.17 

COMPOSITION  OF  GAS  BY  VOLUME 

Carbon  dioxide,   C02    4.15 

Carbon  monoxide,  CO   21.10 

Oxygen,  02 0.30 

Hydrogen,  H2  (estimated  from  calorific  value)    11.80 

Marsh  gas,  CH4 1.50 

Nitrogen,  N2  by  difference 61.00 

COMPOSITION  OF  GAS  BY  WEIGHT 

Carbon  dioxide,   C02    7.19 

Carbon  monoxide,  CO   23.17 

Oxvgen,  02  0.38 

Hydrogen,   H2    0.93 

Marsh  gas,  CH4 0.96 

Nitrogen,  N2  by  difference  67.37 

EFFICIENCY 

Grate  efficiency,  per  cent 98.2 

Hot  gas  efficiency,  based  on  high  heating  value,  per  cent 74.4 

Cold  gas  efficiency,  based  on  low  heating  value,  per  cent 64.9 
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7.  Adaptation  of  tlie  Coke  to  Domestic  Appliances. — A  limited 
amount  of  the  coke  was  available  for  testing  its  adaptability  to  house- 
heating  purposes.  The  ordinary  household  appliance  is  especially  well 
adapted  for  distilling  off  the  hydrocarbons  of  coal  and  sending  them 
into  the  air  unburned  or  partly  burned  and  accompanied  by  large 
volumes  of  smoke. 

In  the  coke  product  here  described  the  heavy  hydrocarbons  have 
been  removed.  The  coke  itself,  therefore,  is  clean  both  in  handling 
and  in  burning.  However,  there  remains  approximately  20  per  cent  of 
volatile  matter  which  enters  into  the  process  of  combustion  after  the 
coke  has  attained  a  temperature  at  or  beyond  the  point  to  which  it  had 
been  subjected  in  the  coking  process.  These  conditions  result  in  a  free 
burning  substance  yet  one  whose  combustible  constituents  may  not 
produce  smoke  in  burning. 

An  open  grate  was  selected  as  furnishing  the  best  opportunity  for 
observing  the  behavior  of  the  material.  The  results  are  summed  up 
as  follows:  the  coke  ignites  readily,  it  retains  its  shape  through  the 
process  of  combustion,  a  bed  of  glowing  coals  quickly  results,  the  very 
indifferent  provision  for  draft  as  found  in  an  open  grate  is  sufficient 
for  keeping  the  combustion  lively,  there  is  no  smoke  produced,  and 
fire  is  retained  over  a  long  period  of  time,  because  the  interior  of  the 
larger  pieces  holds  the  fire  and  continues  the  combustion  until  all  of 
the  carbonaceous  matter  is  consumed.  While  the  temperature  com- 
monly attained  by  a  grate  fire  would  not  furnish  positive  evidence  as 
to  the  formation  of  clinker,  the  indications  so  far  as  they  went,  were 
altogether  favorable.  A  small  amount  of  coke  was  tested  by  burning 
in  a  hot  air  furnace.  Not  enough  material  was  at  hand  for  a  complete 
test,  but  so  far  as  observations  could  be  made,  it  was  as  favorable  as  the 
test  in  the  open  grate. 

8.  The  Sources  and  Uses  of  Coal  Tar. — The  installation  of  the  first 
American  by-product  recovery  coke  plant  in  1893  marks  the  beginning 
of  a  notable  rise  in  the  production  and  use  of  coal  tar  in  this  country. 

Previous  to  that  time  the  isolated  illuminating-gas  plant  was  the 
only  source  of  supply  and,  indeed,  in  the  smaller  places  at  least,  the 
tar  was  looked  upon  as  a  troublesome  waste  product  rather  than  as  a 
thing  of  value. 

For  making  metallurgical  coke,  types  of  beehive  ovens  of  varying 
degrees  of  efficiency  were  employed  and  these,  of  course,  allowed  the 
volatile  constituents  of  the  coal,  both  gaseous  and  liquid,  to  be  wasted. 
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111  1912,  not  twenty  years  after  the  introduction  of  the  new  type 
of  oven,  165,000,000  gallons  of  tar  were  produced  in  the  United  States, 
and  two  thirds  of  this  quantity,  according  to  Perry,*  came  from  the 
by-product  coke  plant.  With  the  steady  increase  in  by-product  oven 
construction  the  tar  refining  industry  will  assume  a  proportionate  im- 
portance. 

Of  the  various  fractions  obtained  in  distilling  the  crude  tar  the 
most  important  are ; — benzol  and  its  homologues,  used  in  the  color  in- 
dustry and  as  paint  and  fat  solvents;  the  carbolic  oils,  much  in  de- 
mand for  disinfectants  of  various  kinds ;  and  the  creosote  and  anthra- 
cene oils,  of  great  importance  in  the  preserving  of  wood.  The  pitch 
residue  is  used  in  roofing,  paving,  and  road-building,  but  in  these  fields 
it  meets  strong  competition  with  the  mineral  bitumens  and  conse- 
quently does  not  find  so  ready  a  market  as  the  other  constituents 
named.  But  pitch  makes  up  the  greatest  part  of  the  crude  tar  aggre- 
gate, being  in  most  cases  considerably  more  than  half.  The  bulk  of 
the  raw  material  therefore,  is  in  the  form  of  high  temperature  con- 
densation products  and  free  carbon  of  relatively  small  value,  while  the 
supply  of  the  lighter  fractions  is  insufficient  to  meet  the  demand.  This 
is  especially  true  of  those  compounds  of  the  tar  which  have  bacteri- 
cidal properties.  With  the  rapid  depletion  of  the  forests  and  the  cut- 
ting off  of  lumber  supplies,  wood  preserving  treatment  has  become  im- 
perative in  many  industries — particularly  that  of  the  railroads — and 
the  lack  of  available  material  for  this  process  is  causing  much  concern. 
American  supplies  are  inadequate  for  home  consumption  and  nearly 
45,000,000  gallons  of  creosote  oils  were  imported  from  Europe  in  1911. 
Any  modification  of  the  coking  process,  therefore,  that  will  increase 
the  yield  of  the  light  tars  by  preventing  their  condensation  to  com- 
pounds of  high  molecular  weight  will  effect  a  considerable  economy. 
Considerations  of  this  kind  have  lent  interest  to  the  study  of  the  tars 
obtained  in  the  course  of  these  experiments,  in  which  temperatures 
were  kept  much  below  those  of  the  gas  retort  and  the  commercial  coke 
oven. 

9.  Methods  for  Testing  and  Analyzing  Tars. — Of  the  methods  pro- 
posed and  outlined  for  testing  tar,  perhaps  the  best  are  those  published 
by  S.  R.  Church  in  a  paper  on  "Methods  for  Testing  Coal  Tar  and 
Refined  Tars,  Oils  and  Pitches  Derived  Therefrom,  "f    These  tests,  as 


*Eighth  Int.  Cong,  of  App.  Chem.,  10,  233. 

fThe  Gas  Age,  32,  103.     Jour,  of  Ind.  and  Eng.  Chem.,   3,  227. 
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he  says  in  the  introduction,  were  not  put  forward  as  methods  for  the 
scientific  examination  of,  or  research  into,  the  products  of  coal  tar,  but 
rather  as  an  attempt,  in  cooperation  with  other  chemists  of  the  com- 
pany with  which  he  was  connected,  to  revise  and  standardize  the  every- 
day tests  applied  to  the  raw  materials  and  products  of  the  American 
tar  distiller. 

In  this  article  he  takes  up  the  determination  of  water,  free  carbon, 
fixed  carbon,  and  ash,  and  the  measuring  of  the  specific  gravity  and 
viscosity  of  the  raw  tar,  distilled  tars,  and  pitch.  He  then  outlines  the 
chemical  investigation  of  the  light  oils,  carbolic  oils,  benzols  and  creo- 
sotes, including  the  estimation  of  napthalene.  In  a  later  paper1  he 
gives  some  supplementary  methods. 

Prevost  Hubbard's  "Methods  for  the  Examination  of  Bituminous 
Road  Materials"2  approaches  the  matter  solely  from  the  standpoint  of 
the  road-builder,  and  takes  up  the  physical  tests  necessary  to  deter- 
mine the  fitness  of  the  material  for  this  special  purpose.  In  its  field 
it  is,  unquestionably,  authoritative. 

Among  the  publications  devoted  particularly  to  methods  for  test- 
ing wood  preservatives  may  be  mentioned  those  of  the  American  Rail- 
way Engineering  Association,3  the  National  Electric  Light  Associa- 
tion,4 and  the  Forest  Service  of  the  Department  of  Agriculture.5 

In  addition  to  the  foregoing,  the  following  works  take  up  to  a 
greater  or  less  extent  the  subject  of  coal  tar  analysis: 

Sadtler,  Industrial  Organic  Chemistry,  3rd.  ed.  J.  B.  Lippin- 
cott  Co. 

Rogers  and  Aubert,  Industrial  Chemistry,  1913,  Van  Nostrand  Co. 

Lunge,  Coal  Tar  and  Ammonia,  4th  ed.  1909.    Van  Nostrand  Co. 

Allen,  Commercial  Organic  Analysis.  Vol.  II,  part  2,  3rd.  ed.  1909. 
Blakiston's  Son  and  Co.,  Philadelphia. 

Mulliken,  Identification  of  Pure  Organic  Compounds.  1904.  Wiley 
and  Sons. 

10.  Properties  of  Tar  Products  From  Low  Temperature  Coal 
Distillation. — The  tar  used  in  this  investigation  was  the  product  ob- 
tained in  a  separate  series  of  runs  made  with  Vermilion  County  coal. 


xJour.  of  Ind.  and  Eng.  Chem.,  5,  195. 

2U.  S.  Dept.  of  Agriculture,  Office  of  Public  Roads,  Bulletin  38,  1911. 

3Bulletin   65,   American  Railway  Eng.   Assoc. 

4Report  of  Committee  on  Preservative  Treatment  of  Poles  and  Crossarms,   1911. 

5Dean  and  Bateman,  Circular   112,    "Analysis  and  Grading  of  Creosotes." 
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To  prevent  oxidation  and  evaporation  the  tar  was  protected  as  soon 
as  formed  with  a  water  seal,  and  kept  in  air-tight  cans  until  used  for 
analysis. 

The  tar  is  fluid  at  temperatures  considerably  below  room  condi- 
tions. In  appearance  it  is  black  to  rich  brown  with  varying  thickness 
of  layer,  and  it  possesses  an  exceedingly  disagreeable  odor  even  when 
judged  by  coal  tar  standards. 

The  specific  gravity  measured  with  a  pyknometer  at  20°  was  1.069. 
Its  low  density  makes  its  separation  from  water  by  gravity  somewhat 
difficult  and  there  is  a  tendency,  moreover,  for  high  fractions  to  float 
on  the  surface  of  the  water.  Its  viscosity  is  low  and  in  this  respect  it 
resembles  a  mineral  oil  rather  than  a  high  temperature  coal  tar. 

The  percentage  of  free  carbon,  or  more  accurately,  of  substances 
insoluble  in  toluene  and  benzene,  was  found  by  treating  a  compara- 
tively large  sample  of  the  dry  tar,  (about  36  grams)  with  toluene,  and 
heating  the  mixture  on  the  steam  bath.  The  solution  was  decanted 
through  two  S  and  S  filter  cones  (33  mm.  and  26  mm.)  one  within 
the  other.  After  three  treatments  the  whole  mass  was  transferred  to 
the  cones  and  extracted  with  benzene  in  a  Soxhlet  apparatus  until  the 
filtrate  was  colorless.  Check  results  showed  a  free  carbon  content  of 
1.35  per  cent. 

Fixed  or  combined  carbon  may  be  determined  by  a  method  based  on 
the  report  of  the  Committee  on  Coal  Analysis  of  the  American  Chem- 
ical Society.*  The  cracking  of  an  oil  or  tar  is,  however,  so  closely  de- 
pendent upon  time,  temperature,  and  pressure  conditions  that  a  sim- 
ple laboratory  test  of  the  kind  outlined  by  the  Society  would  have  little 
significance. 

11.  Distillation  of  Tar. — In  order  to  dry  the  tar  a  preliminary 
distillation  125°  was  made  and  the  light  oil  runnings  after  being 
separated  from  the  water  were  returned  to  the  retort.  The  apparatus 
used  was  an  ordinary  Jena  distilling  flask  attached  tu  a  Liebig  con- 
denser. 

In  the  earlier  attempts  to  make  this  separation  much  trouble  was 
caused  by  the  tendency  of  the  water  in  the  crude  material  to  produce 
a  succession  of  '' Dumpings. "  These  explosions  were  often  so  sud- 
den and  violent  as  to  throw  a  considerable  part  of  the  charge  out  of 
the  retort.  This  annoying  feature  was  prevented,  however,  by  run- 
ning a  slow  stream  of  air  through  a  tube  extending  nearly  to  the  bot- 
tom of  the  vessel,  and  later,  in  order  to  prevent  oxidation  which  seemed 


*Jour.   Am.   Chem.    Soc,   21,    1116. 
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to  take  place  at  the  higher  temperatures  under  these  conditions,  carbon 
dioxide,  which  had  been  previously  washed  and  dried,  was  substituted. 
This  method  was  used  in  all  subsequent  distillations  of  the  crude,  wet 
tar  and  served  the  double  purpose  of  providing  an  inert  atmosphere 
in  which  to  carry  on  the  heating  of  the  substances  making  up  the  ma- 
terial, many  of  which  show  remarkable  chemical  activity,  and  of  mak- 
ing the  boiling  proceed  smoothly  and  quietly.  It  is  to  be  noted,  how- 
ever, that  the  current  of  gas  sent  through  the  apparatus  carries  over 
with  it  a  considerable  quantity  of  material  whose  boiling  point  is  at  a 
temperature  above  that  maintained  in  the  retort.  In  redistilling  the 
dry  tar  to  fractionate  the  sample  this  precautionary  measure  was  un- 
necessary, and  therefore  was  not  taken. 

The  escape  of  the  first  light  oil  runnings  was  prevented  by  sur- 
rounding the  receiving  vessel  with  a  freezing  mixture.  To  condense 
the  heavier  part  of  the  second  fraction,  only  the  inner  tube  of  the  con- 
denser was  used  so  that  heat  might  be  applied  to  facilitate  the  flow  of 
the  viscous  fluid. 

To  insure  greater  accuracy  a  subsequent  redistillation  of  the  light 
oil  fraction  was  made  with  the  use  of  a  Lebel-Henninger  tube,  with  the 
thermometer  so  adjusted  that  the  top  of  the  bulb  was  level  with  the 
side  neck.  The  Liebig  condenser  was  used  as  before.  With  this  ap- 
paratus it  was  possible  to  secure  fractions  with  sharply  defined  boiling 
points,  an  important  prerequisite  to  identifying  individual  com- 
pounds. 

Table  8. 

Results  of  Preliminary  Distillation  of  Tar. 


Fraction 

Temperature  Range 

Percentage 

Light  oil 
Heavy  oil 
Pitch 

below  210°  C 
210°-325° 
above  325° 

17.2 
52.7 
30.1 

12.  Examination  of  Light  Oil. — The  low  boiling  fraction  purified 
as  indicated  above  is  a  clear  amber  colored  liquid  with  a  disagreeable 
odor.  It  is  very  susceptible  to  the  action  of  light  and  air  and  finally 
turns  dark  red  even  when  sealed  in  an  atmosphere  of  carbon  dioxide. 

The  separation  and  identification  of  all  the  individual  constituents 
of  a  substance  like  coal  tar  is  a  great  task.  Lunge,  in  his  work  ' '  Coal 
Tar  and  Ammonia"  has  described  more  than  two  hundred  distinct 
compounds  which  occur  in  tars  of  different  qualities  and  his  list  is 
probably  not  complete.    We  are  concerned  in  this  work  merely  with  a 


Fig.  3.  B-10.  Vermilion  County  Coke 


Fig.  4.  B-12.  Saline  County  Coke 


Fig.  5.    B-16.    Williamson  County  Coke 


Fig.  6.     B-19.     Williamson  County  Washed  Nut  Coke 


Fig.  7.     B-18.     Coke  from  Williamson  County  Coal  Mixed  with  Coke  Dust 


Fig.  8.    B-21.    Coke  From  Equal  Parts  of  Vermilion  County  Coal 

and  Coke  Dust 


Fig.  9.     B-22.     Coke  from  Vermilion  County  Coal  and  Coke  Dust 


Fig.  10.     B-25.     Coke  From  Williamson  County  Coal  and  Coke  Dust 


Fig.  11.  B-13.  Coke  From  Saline  County  Coal  and  Coke  Dust 


Fig.  12.    B-29.     16-hour  Solvay   Coke 


i^ig  13.     B-30.     48-hour  Compressed  Solvay  Coke 
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few  of  the  most  important  substances  which  are  of  interest  because  of 
their  practical  value  and  not  with  those  which  are  of  interest  from  the 
scientific  standpoint  only. 

The  phenols  and  other  acid  substances  of  the  light  oil  were  sep- 
arated from  the  neutral  and  basic  constituents  by  shaking  the  fraction 
in  a  separatory  funnel  with  half  its  volume  of  10  per  cent  caustic  soda 
solution.  After  this  treatment  had  been  repeated  until  no  further  re- 
duction in  volume  of  the  residue  took  place,  this  caustic  solution  was 
drawn  off  and  acidified  with  sulphuric  acid  and  the  whole  extracted 
with  ether.  The  ether  extract,  when  evaporated  down,  yielded  crude 
phenol  and  its  homologues. 

The  amines  were  removed  from  the  oily  residue  after  the  phenol 
extraction  by  shaking  it  with  dilute  sulphuric  acid,  of  sp.  gr.  1.15, 
with  warming.  The  solution  was  separated  as  before,  neutralized  with 
caustic  soda,  and  the  bases  extracted  with  ether. 

The  method  for  separating  paraffins  and  benzenes  is  based  upon 
the  familiar  principle  that  the  hydrocarbons  of  the  paraffin  series  are 
practically  inert  toward  sulphuric  acid,  while  those  of  the  aromatic 
series  react  with  comparative  ease,  forming  sulphonic  acids,  in  which 
sulpho  groups  replace  hydrogen  of  the  benzene  ring.  These  acids  are 
very  soluble  in  water  and  are  therefore  easily  separated  from  the  in- 
soluble oily  paraffin  residues. 

The  process  used  was  that  adopted  by  the  Forest  Products  Labor- 
atory.* Ten  cubic  centimeters  of  the  fraction  to  be  tested  were  meas- 
ured into  a  Babcock  milk  bottle.  To  this  was  added  40  cc.  of  37  N 
sulphuric  acid  (made  by  adding  the  calculated  amount  of  fuming  sul- 
phuric acid  to  the  ordinary  acid,  sp.  gr.  1.84)  10  cc.  at  a  time.  The 
mixture  after  being  kept  at  100°  C  for  an  hour  was  cooled  and  then 
whirled  for  five  minutes  in  a  Babcock  separator.  The  volume  of  the 
unsulphonated  or  paraffin  residue  was  read  off  directly.  Equally  good 
results  are  obtained,  however,  by  pouring  the  mixture  into  a  large 
volume  of  water  and  separating  by  means  of  the  funnel. 

As  a  step  toward  identifying  those  constituents  which  do  not  react 
with  acids  and  bases,  a  sample  of  the  oil  from  which  the  phenols  and 
pyridines  had  been  removed  but  which  had  not  been  sulphonated,  was 
subjected  to  a  second  redistillation,  with  the  measurement  of  the  vol- 
umes going  over  between  comparatively  narrow  limits  of  temperature. 

A  summary  of  the  results  obtained  from  the  various  tests  and 
analyses  follows : 


*Bateman,  E.  Modification  of  the  Sulphonation  Test  for  Cresote.     Forest  Service,   Circu- 
lar  191,  U.   S.   Dept.  of  Agriculture. 
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Table  9. 
Light  Oil  Fraction  (to  210° C) 

Specific  gravity  .966 


Light  oil   fraction 

Phenols   (and  other  acid  substances 

Amines    (and  other  bases) 

Paraffins 


Percentage  on   Basis   of 
Crude  Tar 

17.2 
5.7 
0.9 
3.12 


Percentage  on  Basis  of 
Light  Oil  Fraction 

100.0 

33.0 

5.3 

18.1 


The  results  of  the  refractionation  of  the  light  oil  from  which  the 
acids  and  bases  had  been  removed  are  given  in  the  following  table : 


Table  10. 
Distribution  of  Neutral  Substances  in  Light  Oil. 


Fraction 

Percentage  on  Basis  of 

Percentage  on   Basis  of 

Light  Oil  Fraction 

Crude  Tar 

20°-75°  low  boiling  bodies 

5.26 

.25 

75°-95°   crude  benzol    (90%) 

2.10 

.38 

95°-125°   crude  toluol 

7.36 

1.33 

125°-170°   crude  solvent  naptha 

26.30 

4.77 

170°-200°    crude  heavy    naptha 

14.73 

2.67 

200°-210°   crude  heavy  naptha 

7.30 

1.32 

The  classification  as  made  in  Table  10  is  based  on  the  outline  for 
the  examination  of  light  oil  as  given  by  F.  E.  Dodge  in  his  article  on 
' '  Coal  Tar  and  Its  Distillation  Products. '  '*  It  is  understood  that  this 
is  a  generalization  only,  and  that  it  shows  composition  by  classes  of 
compounds  rather  than  by  individuals.  However,  since  the  different 
homologues  of  a  class  within  rather  close  limits  of  the  boiling  point 
usually  differ  little  in  character,  a  fair  idea  of  the  composition  of  the 
mixture  may  be  gained  without  further  separation. 

Fraction  No.  1,  besides  some  benzene,  contains  also  pentanes  and 
hexanes  of  the  paraffin  series,  ranging  in  boiling  point  from  31°  C  to 
64°  C.  No.  2  includes  some  of  the  heptanes  boiling  in  the  nineties ; 
No.  3,  according  to  tables  complied  from  dataf  obtained  by  distilling 
known  mixtures,  consists  of  benzene  and  toluene,  the  latter  predom- 
inating, while  fraction  No.  4  includes  the  xylenes  boiling  from  138°  C 
to  143°  C,  with  perhaps  some  mesitylene,  b.p.  164°  C.  Likewise  the 
part  reported  as  phenols  contains  besides,  one  or  all  of  the  three  cre- 
sols,  although  the  close  range  of  boiling  points  (190°,  201°,  and  202°) 
made  a  quantitative  fractionation  of  the  crude  extract  impracticable. 


industrial  Chemistry.     Rogers  and  Aubert,   1912.  p.  492. 

tG.  E.  Davis.  Industrial  Chemistry  Rogers  and  Aubert.  p.   499. 
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Finally,  the  rapid  darkening  of  both  the  neutral  and  the  active 
fractions  on  even  short  time  exposures  to  air  points  to  the  presence  of 
various  unsaturated  substances,  difficult  to  isolate  and  probably  of  no 
great  practical  importance. 

13.  Examination  of  Heavy  Oil  Fraction,  210°C  to  325°C. — The 
heavy  oil  obtained  from  the  first  distillation  to  which  was  added  the 
residue  boiling  above  210°,  from  the  redistillation  of  the  light  oil,  is  a 
thick  viscous  liquid  of  a  rich  brown  color.  After  standing  for  a  time 
a  non-crystalline  sediment  is  formed. 

Tar  acids  were  determined  by  the  methods  used  in  the  examination 
of  the  light  oils  except  that  after  the  addition  of  the  caustic  soda  it 
was  necessary  to  warm  the  mixture  in  order  to  facilitate  the  separa- 
tion, while  the  paraffin  and  aromatic  content  of  substances  was  found 
by  sulphonation  as  before.  Likewise  a  sample  from  which  the  acid 
constituents  had  been  removed  was  refractionated  and  the  volumes  of 
distillate  given  off  between  close  temperature  limits  were  noted. 

The  napthalene  content  was  determined  by  cooling,  with  a  freezing 
mixture,  the  heavy  oil  sample  from  which  the  acids  had  been  extracted, 
in  order  to  crystallize  out  any  of  this  substance  which  might  be  pres- 
ent. The  test  gave  zero  results ;  the  conclusion  is  that  no  napthalene 
was  present.  This  result  is  confirmed  by  observations  made  when  the 
original  tar  was  distilled  from  the  coal,  for  at  no  time  did  the  tar  con- 
denser become  clogged  as  it  would  if  napthalene  were  going  over  even 
in  small  quantities,  nor  did  the  pungent  odor  of  its  vapors  ever  become 
noticeable. 

The  method  for  the  quantitative  assay  of  anthracene  as  given  by 
Allen*  was  used  for  this  material.  The  sample,  dissolved  in  boiling 
glacial  acetic  acid,  was  treated  with  chromic  acid  slowly  dropped 
through  a  reflux  condenser  to  oxidize  any  anthracene  present  to  an- 
thraquinone.     The  results  showed  that  the  amount  present  was  neg- 


ligible. 


Table  11. 
Composition  of  Heavy  Oil    (210°C-325°C) . 

Specific  gravity  1.032 


Fraction 

Percentage   on   Basis   of 
Crude  Tar 

Percentage   on   Basis   of 
Heavy  Oil  Fraction 

Heavy   oil    fraction 
Tar  acids 
Paraffins 
Napthalene 
Anthracene 

52.7 

22.2 

6.2 

.0 

.0 

100.0 
42.13 
32.66 
.0 
.0 

*Commercial  Organic  Analysis.     Vol.  II,  part  2,  p.   229. 
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Distillation  of  the  acid  free  samples  gave  the  following  results. 

Table  12. 
Distribution  of  Neutral  Substances  in  Heavy  Oil. 


Fraction 

Percentage  on  Basis  of 
Crude  Tar 

Percentage  on   Basis   of 
Heavy  Oil  Fraction 

210°   to   250° 
250°   to  270° 
270°    to  pitch 

2.87 
13.55 
11.53 

10.3 
48.5 
41.2 

In  attempting  to  identify  the  various  substances  of  the  heavy  oil 
fraction  the  worker  finds  the  problem  even  more  difficult  than  in  the 
case  of  the  light  oil  because  the  higher  boiling  points  and  molecular 
weights  of  the  compounds  make  them  more  difficult  to  separate.  A 
partial  purification  of  the  acid  bearing  extract  of  this  part  of  the  tar 
showed  by  the  boiling  points  that  a  high  percentage  of  creosols  was 
present.  The  higher  boiling  members  were  not  identified.  It  is  pos- 
sible that  they  are  polyhydric  phenols,  such  as  Lewes  mentions  as  be- 
ing present  in  the  tar  from  coalite  and  which  he  says  form  resinous 
masses  difficult  to  investigate. 

Fraction  No.  2  is  the  neutral  part  of  the  cut  in  tar  distilling  known 
as  creosote  oils.  Emmet  and  Reingruber*  say  of  this  class  of  substances 
that  after  removing  basic,  oxygenated,  and  crystallizable  bodies,  there 
remain  several  isomeric  dimethylnapthalenes,  the  separation  of  which 
has  proved  unmanageable,  and  which  constitute  the  major  portion  of 
the  fraction. 

14.  Pitch. — The  residuum  from  the  original  distillation  of  the 
crude  tar  is  a  hard,  black  substance,  rather  brittle,  breaking  with  a 
bright  fracture.  As  indicated  by  the  table  of  its  properties  it  is  a  hard 
pitch,  as  contrasted  with  soft  pitch  having  a  melting  point  of  about 
75°  C. 

Table  13. 
Pitch  Fraction  (Above  325°  C). 

Per  cent  on  basis  of  crude  tar                      30.1 

Melting  point  110°  C 

Specific  gravity  1.27 

Free  carbon  12% 


Annalen  211.  365. 
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15.  Oxygen  Absorbing  Power  of  Tar. — In  the  publication  of  the 
results  of  the  preliminary  studies  of  low-temperature  tar,*  attention 
was  called  to  the  fact  that  both  the  light  and  the  heavy  fractions  were 
readily  oxidizable  and  the  question  was  raised  whether  these  oils  might 
not  serve  as  drying  bodies  or  paint  vehicles  by  forming  coatings  or 
films  on  oxidation.  In  an  attempt  to  approximate  a  quantitative  meas- 
urement of  this  capacity  for  absorbing  oxygen,  a  series  of  iodine  ab- 
sorption determinations  was  made,  with  rather  variable  results. 

Further  investigations  of  the  kind  have  proved  what  was  conceded 
as  a  probability  at  the  time,  that  other  reactions  than  those  of  simple 
saturation  take  place,  chief  among  which  is  substitution  with  the 
formation  of  hydriodic  acid.  While  fairly  consistent  results  have  been 
obtained  in  the  supplementary  work  under  strictly  standard  condi- 
tions, slight  changes  in  the  concentration  of  the  iodine  solution,  in  the 
time  of  digestion  and  particularly  in  the  temperatures  of  the  reacting 
substances  so  varied  the  values  found  that  the  method  is  deemed  un- 
reliable. Bromine  is  even  more  uncertain.  Among  the  substances 
present  in  the  tar  from  which  hydrogen  is  easily  displaced  by  the  halo- 
gens are  the  phenols,  the  reaction  taking  place  almost  immediately 
even  in  the  cold. 

The  only  reliable  criterion  of  its  value  as  a  paint  drier  is  perhaps 
the  actual  test  of  its  behavior  when  exposed  to  air.  The  light  oil  frac- 
tion forms  a  thin  film  when  spread  on  a  glass  plate  inclined  to  45 
degrees.  Using  good  linseed  oil  as  a  standard  for  reference,  it  is  found 
that  the  tar  oil  films  are  decidedly  thinner,  i.e.,  the  oil  flows  more  be- 
fore thickening,  and  that  the  time  of  maximum  drying  is  -from  two  to 
three  times  that  observed  in  the  case  of  the  linseed  oil. 

III.     Appendix  of  Supplementary  Results. 

At  the  request  of  S.  R.  Church,  head  of  the  Research  Department 
of  the  Barrett  Manufacturing  Company  of  New  York,  a  small  sample 
of  the  crude  tar  remaining  after  the  conclusion  of  the  work  described, 
was  sent  to  the  New  York  Laboratories  for  examination.  Mr.  Church, 
in  a  communication  commenting  on  it  briefly,  says,  "This  tar  in  its 
characteristics,  resembles  somewhat  the  Scotch  blast  furnace  tars  al- 
though it  is  higher  in  tar  acid  content  than  the  Scotch  tars,  and  appar- 
ently not  quite  so  high  in  paraffin-like  bodies.  The  most  interesting 
feature  to  us  is  its  exceptionally  high  content  of  oxygenized  compounds 
of  phenoloid  character. ' ' 

*Parr  and  Olin.     Bulletin  No.   60,   University  of   Illinois  Eng.   Exp.   Sta.  p.    13. 
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'  *  Should  tar  of  this  nature  become  a  commercial  product,  it  would 
undoubtedly  have  a  certain  value  to  the  tar  distillers  although  it 
would,  of  course,  have  to  be  handled  in  an  entirely  different  manner 
from  the  ordinary  coal  tars. ' ' 

The  outline  of  his  results  is  given  in  the  following  table. 

Table  14. 

Tests  of  Tar  Derived  from  the  Distillation  of  Coal 
from  Vermilion  Co.,  Illinois.    (S.  R.  Church.) 


Water,  per  cent 

21.7 

Tests  on  Dry  Tar: 

Specific  gravity  at  15.5  °C 

1.072 

Free  carbon,  per  cent 

1.3 

Light  Oil   (to  210°)   per  cent  by  vol. 

15.2 

Heavy  Oil   (to  pitch)   per  cent  by 

vol. 

40.2 

Light   Oil: 

Tar  acids,  per  cent   

30.0 

Sulphonation  residue,  per  cent 

15.0 

- 

Heavy  Oil: 

Standard  retort  distillation: 

Total  per  cent  to  170°C 

0.5 

200° 

2.0 

210° 

6.6 

235° 

33.6 

270° 

61.0 

315° 

65.8 

355° 

94.9 

Tar  acids  in  total  distillation 

50.0 

Sulphonation  residues  on  fractions 

4  to 

5  per  cent 

Pitch 

Melting  point, 

76°C 

Free  carbon,  per  cent 

9.0 

Of  equal  interest  is  the  supplementary  report  furnished  by  Mr.  E. 
B.  Fulks  of  the  American  Creosoting  Company  of  Louisville,  Ken- 
tucky, who  visited  the  laboratory  early  in  the  year  1913  and  obtained 
a  sample  of  a  tar  similar  to  the  one  that  has  been  discussed.  He  writes : 
' '  This  tar  is  quite  different  from  ordinary  coal  tar,  in  that  it  is  thin- 
ner, has  a  lower  specific  gravity  and  much  smaller  percentage  of  pitch. 
The  principal  difference  however,  is  in  the  high  percentage  of  tar  acids 
and  in  the  presence  of  considerable  quantities  of  paraifinoid  bodies. 
These  differences  probably  would  make  it  necessary  to  work  this  tar 
somewhat  differently  from  the  method  employed  for  ordinary  tars  but 
undoubtedly  it  would  have  considerable  commercial  value." 

"The  quantity  at  our  disposal  was  so  small  that  we  were  unable 
to  separate  an  amount  large  enough  to  test  the  preservative  qualities 
of  that  proportion  which  would  be  used  for  this  purpose.  Apparently, 
however,  this  tar  would  produce  from  30  to  40  per  cent  of  oil  of  fair 
preservative  value.    The  high  percentage  of  tar  acids  would  make  it  a 
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valuable  source  of  material  for  the  manufacture  of  antiseptic  solutions, 
sheep  dip,  etc.  The  pitch  contains  a  small  proportion  of  free  carbon 
and  probably  could  be  used  for  roofing  purposes  and  paving  filler. ' ' 

The  report  of  his  analysis  is  given  in  the  following  table : 

Table  15. 

Oil  from  Low  Temperature  Coking  Experiments 
University  of  Illinois. 

Description:    Thick,  dark  brown  oil,  having  a  very  disagreeable  odor  resembling  Pintsch 
gas;  liquid  at  ordinary  temperature. 

Specific  gravity  at  38°  C.  1.041 

Water  Trace 

Tar  acids  by  volume  27.0% 

Fractions 

210  °  10.6%    Liquid 

235°  8.9%       " 

270°  12.5%       " 

315°  13.1%       " 

355°  14.1%       " 

Res.  40.4 

Hard,  black,  brittle, 
bright  fracture. 


Paraffin 

Oils: 

Fractions 

Per   cent  of 

Per  cent  of 

Fraction 

Straight   Oil 

210°  C 

9.7 

25.0 

2.4 

235° 

9.0 

10.0 

0.9 

270° 

12.3 

10.0 

1.2 

315° 

13.7 

10.0 

1.4 

355° 

15.0 

15.0 

2.3 

59.8 

8.2 

Total  per 

cent  paraffin 

in 

fractions 

below 

355c 

C 

13.7% 

Total  per 

cent  paraffin 

in 

fractions  below 

355° 

C. 

based  on  whole  oil 

8.2% 

IV.     Summary. 

1.  Coke  of  good  density  and  hardness  may  be  made  by  mixtures 
of  semi-coke  and  raw  coal  if  both  are  finely  divided  and  evenly  mixed. 
A  variation  is  noticeable  in  the  quantity  of  such  non-coking  material 
which  may  be  incorporated  with  different  coals.  For  example,  fresh 
coal  from  Vermilion  County  will  carry  such  an  addition  of  100  per 
cent  of  its  weight  to  advantage.  Coals  from  Saline  and  Williamson 
Counties  give  coke  of  the  highest  density  when  mixed  in  the  propor- 
tion of  50  per  cent  of  their  weight  with  semi-coke. 

2.  The  coke  resulting  from  the  low  temperature  process  has  from 
18  to  22  per  cent  of  volatile  matter  remaining,  but  since  it  has  been 
heated  above  400°  there  should  be  none  of  the  tar  constituents  remain- 
ing. The  most  convincing  test  on  this  point  as  also  the  best  method  of 
arriving  at  a  conclusion  as  to  its  adaptability  for  such  work  was  to  try 
out  the  material  in  a  suction  gas  producer.    The  results  indicated  that 
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no  clogging  effect  whatever  results,  thus  showing  the  absence  of  tar 
bodies.  The  physical  operation  of  the  producer  as  well  as  the  grade 
of  the  gas  produced  was  fully  equal  if  not  superior  to  the  perform- 
ance of  the  outfit  when  anthracite  was  used. 

3.  The  semi-coke  has  such  an  amount  of  volatile  matter  remain- 
ing, together  with  the  right  degree  of  coherence  as  to  make  it  especially 
well  adapted  to  household  use.  It  is  clean  to  handle,  free  from  dust, 
and  burns  without  smoke  or  the  formation  of  soot.  Especially  to  be 
noted  in  this  connection  is  its  ability  to  retain  a  fire  without  undue 
attention  as  to  drafts,  etc. 

4.  The  average  specific  gravity  of  the  tar  is  1.069.  It  is  rich  in 
low  boiling  distillate  passing  over  at  210°.  This  product  averages 
18  per  cent  of  the  total.  The  pitch  residue  amounts  to  approximately 
30  per  cent  and  is  remarkably  free  from  precipitated  carbon. 

5.  The  adaptability  of  the  tar  for  wood  preservation  processes 
seems  to  be  indicated  by  the  high  percentage  of  tar  acids.  These  con- 
stituents make  up  from  28  to  30  per  cent  of  the  crude  material.  The 
larger  part,  about  22  per  cent  is  found  in  the  second  distillate  (210°- 
325°),  only  about  7  per  cent  coming  over  below  210°. 

6.  Approximately  10  per  cent  of  the  crude  tar  is  found  to  be  low 
boiling  distillate  free  from  the  tar  acids  and  suitable  for  use  in  in- 
ternal combustion  engines. 

7.  Naphthalene  is  absent.  The  free  carbon  in  the  crude  tar  is 
less  than  2  per  cent  and  the  residual  product  after  the  light  distillate 
and  heavy  oils  are  removed  would  be  classed  as  hard  pitch. 

8.  A  principal  feature  results  from  this  study  of  these  various 
substances,  namely,  that  all  three  of  the  general  divisions  of  coke,  tar, 
and  gas  have  specific  properties  of  an  especially  valuable  sort  which 
would  indicate  that  the  process  of  coking  at  low  temperatures  could 
be  established  successfully  on  a  commercial  basis. 

V.     Review  of  Literature. 

In  the  effort  to  solve  the  smoke  problem  which  arises  wherever  bitu- 
minous coal  is  extensively  used,  numerous  attempts  have  been  made  to 
modify  the  raw  fuel  in  various  ways  in  order  to  obtain  a  product 
which  should  be  more  or  less  free  from  smoke  producing  constituents. 
Among  the  first  to  make  the  attempt  was  Col.  Scott-Moncrieff,*  who 
proposed  to  subject  coal  to  the  coking  process  in  the  ordinary  gas  re- 

*Jour.  of  Gas  Lighting,    101,  823. 
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torts  at  the  usual  temperature  until  one-half  of  the  volume  of  gas  usu- 
ally obtained  was  driven  off.  The  charge  was  then  drawn  and 
quenched. 

The  scheme  resulted  in  failure  for  very  obvious  reasons.  On  ac- 
count of  the  porosity  of  coke  it  is  a  very  poor  heat  conductor  and  so 
the  interior  of  the  charge  received  an  insufficient  amount  of  heat  to 
drive  off  the  tar  and  smoke  producing  substances  while  on  the  other 
hand  the  exterior  was  heated  to  such  a  degree  that  it  became  essen- 
tially hard  gas-coke  which  ignited  with  difficulty  and  burned  slowly. 
A  mass  consisting  of  a  soft  uncarbonized  interior  and  a  hard  shell  was 
the  result,  a  type  of  fuel  which  possessed  no  good  qualities  and  which 
gained  no  popularity.  At  the  same  time  the  manufacturer  lost  one- 
half  of  the  gas  and  much  of  the  ammonia  that  would  be  produced  in 
ordinary  practice. 

•In  1907  a  radical  change  in  the  method  of  heating  was  made  by  W. 
Parker  and  the  product  obtained  was  extensively  advertised  under  the 
trade  name  of  "Coalite."  This  was  the  coke  made  by  the  partial  dis- 
tillation of  slack  coal  in  vertical  oblong  cast  iron  boxes  or  stills  about 
ten  or  twelve  feet  high  and  ten  by  forty-eight  inches  in  cross  section. 
Carbonization  was  carried  on  at  temperatures  near  450°  C,  yielding  a 
coke  having  about  10  per  cent  of  volatile  matter  and  80  per  cent  of 
fixed  carbon. 

The  following  table  shows  the  composition  of  the  gas  obtained  in 
the  distillation. 

Table  16. 

Composition  of  Gas  Obtained  in  Coalite  Manufacture. 


HoS 

1.0 

Ho 

14.30 

C02 

3.45 

CH4 

61.00 

o2 

.72 

N2 

9.28 

Ilium. 

4.19 

CO 

6.06 

Coalite  has  not  proved  to  be  the  commercial  success  that  its  pro- 
moters hoped  to  make  it,  but  experimental  work  is  still  being  carried 
on  with  that  end  in  view. 

The  Premier  Tarless  Fuels  Company!  of  Battersea,  England,  have 
lately  installed  a  plant  for  the  production  of  smokeless  fuel  by  low 
temperature  distillation.  The  distinctive  features  are  the  use  of  an- 
nular retorts  which  allow  the  thickness  of  the  charge  to  be  reduced  to 
2y2  inches  and  the  coking  time  to  be  shortened  proportionately,  and 

*Gas  World,  June  8,  1907.    p.  715. 

tJour.  of  Gas  Light  &  Water  Supply.    122,   514. 
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the  maintainance  of  a  reduced  pressure  of  27  inches  in  the  retorts. 
Temperatures  of  about  500°  C  are  used  and  the  charge  is  drawn  at 
the  end  of  four  or  five  hours. 

A  sample  yield  from  a  Lancashire  coal  is  given  below. 

Table  17. 
Yield  of  Products  from  Vacuum  Process. 


Tarless  fuel  78.0    per    cent 

Tar  (per  ton  of  coal)  20.19  gal. 

Ammonium  sulphate  (per  ton)  45  lb. 
Approximate  Composition  of  Fuel 

Fixed  carbon  92.86 

Volatile  matter  3.86 

Ash  3.28 


This  fuel  is  said  to  work  well  in  the  gas  producer.  Another  sample 
with  8.26  per  cent  of  volatile  matter  gives  good  results  when  used  for 
domestic  purposes,  burning  with  a  free  flame,  giving  out  intense  heat 
and  little  smoke. 

In  considering  the  subject  of  tars  and  gases  and  their  relationship 
to  the  matter  of  economy  in  coal  carbonization  no  attempt  will  be  made 
to  review  the  great  mass  of  literature  relating  to  them,  but  merely  to 
call  attention  to  results  which  show  causes  for  variation  in  the  quality 
and  yield,  chief  of  which  are  range  of  distillation  temperatures  and 
differences  in  the  sizes  and  shapes  of  the  retorts. 

The  results  obtained  by  Lewis  P.  Wright,*  published  twenty-five 
years  ago,  show  the  effect  of  increase  in  heat  intensity  in  a  striking 
manner.  He  does  not  state  definitely  the  temperatures  at  which  the 
different  tars  were  produced  but  the  following  table  compiled  from 
his  data  indicates  clearly  that  the  gradations  were  marked. 


Table  18. 
Results  of  Four  Runs  (2cwt.  charges). 


Sp.   Gr.  Tar 

Duration  of 
Distillation 

Gas  Yield  per 
Ton  of  Coal,  Cu.  Ft. 

Free   Carbon   in 
Tar,  Per  Cent 

(1)  1.084 

(2)  1.103 

(3)  1.149 

(4)  1.204 

8  hrs. 
7  hrs. 
6  hrs. 
5  hrs. 

6600 

7200 

8900 

11700 

8.69 
11.92 
15.53 

24.67 

His  analyses  of  the  tars  obtained  show  the  characteristic  increase 
in  volatile  constituents  with  rise  in  distillation  temperature. 

*Jour.   Soc.  Chem.  Ind.   7.   59. 
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Table  19. 
Percentage  Composition  by  Weight  of  Tars. 


No.  1 

No.  2 

No.  3 

No.  4 

Crude  naptha 
Light   oil 
Creosote  oil 
Anthracene  oil 
Pitch 

Paraffin  contents  of  crude  naptha 
(by   volume) 

9.17 
10.50 
26.45 
20.32 
28.89 

5.0 

9.05 

7.46 

25.83 

15.57 

36.80 

4.0 

3.73 

4.47 

27.29 

18.13 

41.80 

1.5 

.99 

.57 

19.44 

12.28 

64.08 

1.0 

There  is,  likewise,  a  consistent  fall  in  the  percentages  of  the  acid 
in  the  liquid  fraction  as  the  following  table  shows. 


Table  20. 
Percentage  of  Tar  Acids. 

In  Crude  Naptha 

In   Light    Oil 

Jn  Creosote 

No.   1 
No.   2 
No.   3 
No.   4 

13 

9 
8 
6 

34 
35 
29 
22 

35 
29 
28 
20 

Napthalene  and  anthracene  become  prominent  in  the  heavier  tars 
according  to  his  investigations,  the  former  appearing  in  considerable 
quantity  in  No.  4  and  the  latter  being  at  its  maximum  in  No.  3. 

As  proof  that  the  tendency  of  increased  temperature  in  the  distil- 
lation of  coal  is  to  destroy,  preferably,  the  phenol  bearing  light  oils 
intermediate  between  the  crude  naptha  and  the  creosote,  he  cites  the 
case  of  a  tar  of  specific  gravity  1.33,  distilled  at  high  temperatures, 
which  showed  practically  no  light  oils  but  which  yielded  solid  naptha- 
lene immediately  after  the  naptha  had  come  over.  Watson  Smith,  in 
an  article  on  "Variation  in  the  Products  of  the  Destructive  Distilla- 
tion of  Coals, '  '*  confirms  these  results,  by  stating  that  tars  which  were 
produced  at  very  high  temperatures  in  Simon-Carves  ovens  and  exam- 
ined by  him,  showed  a  conspicuous  lack  of  the  middle  oil  fraction 
which  contains  the  phenols  and  that  the  creosote  and  anthracene  oils 
were  semi-solid,  the  former  being  thick  with  napthalene. 

He  calls  attention  to  a  theory  of  Schulzef  that  the  primary  prod- 
ucts of  the  dry  distillation  of  coals  are  phenols.     These  phenols  are 


*Jour.   Soc.  Chem.  Ind.   8,   952. 
tAnnalen,   227,   143. 
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then  at  the  higher  temperatures  of  the  retorts  split  up  so  as  to  yield 
water  and  high  boiling  hydrocarbons,  or  finally,  with  more  entire  de- 
composition, into  illuminating  gas. 

An  interesting  table  showing  the  effect  of  change  of  temperature 
on  the  yield  of  gas  and  tar  is  given  by  V.  B.  LewTes.* 


Table  21. 
Variation  of  Gas  and  Tar  Yield  with  Temperature  Range. 


Temp.  (C) 

Gas  yield 
per  ton,  cu.  ft. 

Tar 
gallons 

Sp.  gr.  or" 
Tar 

900° 

11  000 

9 

1.200 

800° 

10  000 

12 

1.170 

700° 

9  000 

15 

1.140 

600° 

7  750 

18 

1.115 

500° 

6  400 

21 

1.087 

400° 

5  000 

23 

1.060 

Lewes  points  out  that  tars  produced  at  temperatures  between 
400°  C  and  500°  C  contain  relatively  low  percentages  of  aromatic  sub- 
stances and  high  percentages  of  the  paraffin  series  wrhich  are  adapted 
to  use  as  motor  fuels.  The  middle  oils  are  free  from  napthalene  and 
yield  excellent  enriching  oils.  The  pitch  having  practically  no  free 
carbon,  he  says,  forms  an  ideal  electric  insulating  material. 

Variations  in  the  quality  and  composition  of  the  gas  are  shown  in 
the  following  table. 

Table  22. 
Composition  of  Gases  Produced  at  Different  Temperatures. 


Hydrogen 

Saturated  hydrocarbons 

Unsaturated  hydrocarbons 


400° 

500° 

600° 

700° 

800° 

21.2 

60.1 
6.3 

28.3 

56.2 

5.8 

33.8 

30.7 

5.0 

41.6 

45.0 

4.4 

48.2 

39.1 

3.8 

900' 


54.5 

34.2 

3.5 


The  gas  produced  at  the  lowest  temperatures  quoted  has  a  calorific 
value  of  750  B.t.u.  and  measures  20  candle  power. 

Dr.  H.  W.  Jayne,  in  a  paperf  before  the  Fifth  International  Con- 
gress of  Applied  Chemistry  at  Berlin  in  1903,  says  in  regard  to  coal 

tars : 


*Jour.   of  Gas  Light.      101,   823. 

tThe  Coal  Tar  Industry  in  the  U.  S.     Report  of  the  Fifth  International  Congress  of  Ap- 
plied Chemistry,  Section  IVa,  Volume  II,  p.   721. 
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"The  influence  of  the  temperature  in  carbonizing  is  strikingly 
shown  by  the  test  of  two  tars,  both  from  the  same  coal,  and  made  in 
the  same  kind  of  ovens.  One  plant  was  producing  gas  as  its  main 
object.  The  tar  from  this  source  had  a  gravity  of  1.21  and  tested  17.5 
per  cent  of  free  carbon;  the  light  oil  fraction  was  2.2  per  cent  of  a 
gravity  0.979,  testing  23  per  cent  to  170  deg. ;  the  pressed  napthalene 
yield  was  7.4  per  cent.  In  the  second  tar,  in  which  coke  was  the  main 
object,  evidently  much  lower  heats  were  used,  the  tar  having  a  gravity 
of  1.137,  and  testing  3.2  per  cent  of  free  carbon;  the  light  oil 
amounted  to  11.9  per  cent,  and  had  a  gravity  of  .970,  testing  28  per 
cent  to  170  deg.,  or  six  times  more  crude  naptha  than  in  the  first;  the 
total  tar  acids  were  12.48  per  cent,  while  the  pressed  napthalene  fell 
to  1.2  per  cent."  It  is  evident,  he  thinks,  that  in  the  first  tar  the  light 
hydrocarbons  and  tar  acids  had  been  destroyed  by  the  temperature 
employed,  with  formation  of  napthalene. 

R.  P.  Perry*  states  that  "Depending  upon  the  coal  used  and  more 
particularly  upon  the  size  and  shape  of  retorts,  the  travel  which  the 
gases  make  over  the  hot  surfaces,  and  the  temperatures  to  which  the 
gas  is  subjected,  the  coal  tars  vary  within  wider  limits.  In  general 
with  the  vapors  subjected  to  the  high  temperatures  usually  character- 
istic of  gas  works  as  compared  with  coke  works,  there  is  an  increase  in 
specific  gravity  and  free  carbon.  For  example  the  tar  from  many  gas 
works  will  average  about  1.24  specific  gravity  at  15.5  °C.  and  about  25 
per  cent  to  30  per  cent  free  carbon  by  weight,  whereas  from  the  by- 
product coke  ovens  the  specific  gravity  would  average  more  nearly 
1.19  and  the  free  carbon  would  vary  about  5  per  cent  to  18  per  cent, 
the  average  being  less  than  10  per  cent. ' ' 

This  so-called  free  carbon  represents  a  finely  divided  inert  ma- 
terial, largely  carbon,  which  is  the  portion  of  tar  insoluble  in  benzol 
and  toluol.  Perhaps  a  very  small  part  is  carried  over  mechanically  in 
the  coking  process,  but  for  the  most  part  it  is  due  to  the  cracking  of 
the  hydrocarbons  by  exposure  to  heat,  and  the  higher  percentage  usu- 
ally found  in  gas  works  tars  is  from  this  cause." 

S.  R.  Church  of  the  Barrett  Manufacturing  Company,  in  an  inter- 
esting article  on  "Tar  and  Its  By-Products,"t  gives  a  table  of  results 
of  analyses  which  were  made  in  his  laboratory,  of  the  typical  coke-oven 
tars  produced  in  the  United  States.    It  is  to  be  noted  that  the  different 

*R.  P.  Perry.  Tar  Distillation  in  the  U.  S.  Eighth  International  Congress  of  Applied 
Chemistry.      10,   233. 

t'Tar  and  Its  By-Products,"   Gas  Age,   May  15,   1913. 
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gas  retorts  and  ovens  used  vary  in  size  and  shape  and  that  the  former 
are,  of  course,  heated  to  a  much  higher  temperature  than  the  latter. 

Table  23. 
Analyses  of  Typical  Tars  ;  Dry  Tar. 


Specific  gravitv  at 
15.5°  C. 

Free  carbon  (insol- 
uble in  C"6H6) 

Specific   viscositv 
(Engler  at   100 °C) 

Oil  to  soft  pitch  60°C. 
(Per  cent  by  vol- 
ume) 

Pitch  residue  60°C. 
mp  (Per  cent  by 
volume) 

Refractive  indices  at 
00°  C.  (taken  on 
oil) 

Sulphonation     residue 
(Per    cent    taken    in 
oil) 

Tar  acids  (Per  cent 
taken  in  oil) 


Gas  Retort 


Horizontal 


1.266 

28.8 
21.8 

13.2 

86.8 
1.5932 

0.4 

14. 


1.293 
37.5 
30 


Inclined 


1.238 
24.3 
14.9 

14.3 

85.7 

1.5807 

2.4 
21.0 


Vertical 


1.153 

2.1 
28.8 
71.2 

1.5755 

4.3 
29. 


Coke  Oven 


United 
Otto 


1.207 
13.3 
3.4 

21.2 

78.8 

1.5987 

12 


Semet- 
Solvay 


1.188 
10.7 
3 

21.8 

78.2 

1.6122 


Koppers 


1.186 

6.8 

2.1 

35.3 

64.7 

1.6139 


Water  gas 
Eastern 


1.083 

0.1 

1.6 

43.1 

56.9 

1.5678 
8 


The  figures  given  here  are  especially  significant  when  compared 
with  those  of  low  temperature  tars. 

Vivian  B.  Lewes*  in  the  series  of  articles  mentioned  earlier  says  of 
the  tar  produced  in  the  manufacture  of  coalite,  distilled  at  400°  to 
500°  C. :  "  The  low-temperature  tar  is  distinctive  in  its  characteristics. 
It  has  a  specific  gravity  of  1.075,  is  very  liquid,  and  contains  an  abun- 
dance of  light  solvent  oils,  very  low  aromatic  hydrocarbons,  very  little 
phenol  but  large  quantities  of  cresol,  no  napthalene,  and  very  little  an- 
thracene, while  the  free  carbon  is  as  a  rule  below  two  per  cent. ' ' 

The  very  low  percentage  of  benzene  in  the  light  oils,  is  made  up  for 
by  the  presence  of  paraffins,  such  as  hexane,  heptane  and  octane,  while 
there  are  also  present  considerable  quantities  of  that  curious  group  of 
hydrocarbons  known  as  napthenes  or  hexahydro-benzenes,  which  play 
so  important  a  part  in  Russian  petroleum. 

As  before  mentioned,  carbolic  acid  occurs  in  small  quantities,  but 
its  higher  homologues,  such  as  cresylic  acid,  etc.,  occur  in  much  larger 
quantities  than  in  coal  tar,  and  there  are  also  present  quantities  of 
polydydric  phenols,  or  other  esters  of  the  type  met  with  in  coal  tar 
which  form  resinous  masses  difficult  to  analyze.  He  states  that  coals 
rich  in  oxygen    (10  to   11   per  cent)    and  hydrogen    (above  5   per 

*The  Carbonization  of  Coal.     Lecture  IV.  Jour.  Roy.  Soc.  Arts.  60,  216. 
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cent)  and  which,  therefore,  have  large  percentages  of  resinic  bodies, 
on  being  carbonized  at  low  temperatures  yield  tars  rich  in  phenol  and 
cresol.  These  results  are  confirmed  by  Bornstein.  The  pitch  left  as  a 
residue  amounts  to  about  40  per  cent  of  the  tar,  and  is  of  fine  quality 
owing  to  the  practical  absence  of  free  carbon.  The  ammonium  sulphate 
amounted  to  only  12  lb.  per  ton  of  coal,  the  temperature  being  too 
low  for  large  production. 

The  tar  yield  varies  with  the  coal  used  and  in  most  cases  averages 
twenty  gallons  per  ton  of  coal. 

Table  24. 
Composition  of  Tar  from  Coalite. 


Specific  Gravity 

1.073 

Distillation  on 

2,274  cc. 

(0.5  gallon) 

Temp. 

By  volume 

Sp.   gr. 

Volume  of       Tar  acids 

on  tar 

hydrocarbons 

Water 

2  64 

Light  Oil 

170° 

3.10 

.844 

3.10 

Carbolic    Oil 

170°-225 

'                    13.72 

.959 

8.62 

4.80 

Creosote  Oil 

225°-240 

*                       8.35 

.988 

4.64 

3.10 

Creosote  Oil 

240°-270 

'                       8.35 

.992 

5.45 

2.55 

Anthracene  Oil 

270°-300 

1                       8.80 

1.029 

6.60 

1.76 

Anthracene  Oil 

300°-320( 

•                    12.31 

1.033 

8.80 

3.10 

Pitch  by 

weight  on  volume 

41.71% 

Bases 

Light  Oils 

1.32% 

Percentage   distilling  below 

Calculated 

on  Tar 

100°  C 

15.6  by  vol. 

.55 

120° 

31.2 

1.09 

140° 

54.7 

1.91 

170° 

82.8 

2.90 

over  170°and 

loss 

17.2 

.20 

Prevost  Hubbard*  has  lately  published  a  similar  table  of  his  own 
results  obtained  from  the  analyses  of  tars  from  twenty-six  of  the  thir- 
ty-one by-product  coke  ovens  operating  in  this  country  in  1910.  His 
figures  may  be  considered  as  showing  authoritatively  the  character  of 
the  67,000,000  gallons  of  tar  produced  from  these  sources  in  that  year. 

The  specific  gravities  of  the  samples  ranged  from  1.133  to  1.214,  the 
majority  being  lower  than  1.200  and  indicating  low  percentages  of 
free  carbon.  The  minimum  percentage  of  free  carbon  was  2.73,  the 
maximum  16.80,  and  the  average  for  the  26  samples  was  8.38.  Eight- 
een samples  contained  less  than  10  per  cent  of  free  carbon,  and  eight 
samples  more  than  10  per  cent.    About  two-thirds  of  these  products 


*Coke-Oven  Tars  of  the  United  States,  Circular  No.   97. 
Dept.  of  Agriculture. 
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might,  therefore,  be  considered  as  low-carbon  tars  and  the  other  third, 
as  medium  carbon  tars. 

In  accordance  with  the  type  of  oven  in  which  these  products  are 
made,  there  is  a  considerable  variation  in  composition,  even  though 
temperatures  differ  but  little.  It  seems  probable,  therefore,  that  high 
pitch  and  free  carbon  contents  are  not  simple  functions  of  tempera- 
ture alone  but  that  other  factors  complicate  the  problem. 

Table  25. 
Comparison  of  Tars  from  Various  Types  of  Ovens. 


Kind  of  Oven 

Maximum     Temperature 

Per  Cent 

Per  Cent 

of   Retorts    (C) 

Free  Carbon 

Pitch  Residue 

Koppers 

1100°-1444° 

3.38 

70 

Semet-Solvay 

1050°-1450° 

6.74 

63-79 

United  Otto 

1220°-1660° 

9.00 

69-78 

Otto  Hoffman 

1000°-1100° 

12.16 

60-78 

Otto  Hoffman  and  United  Otto(mixed) 

1000°-1200° 

12.51 

76 

United  Otto  and  Rothenberg  (mixed) 

1000° 

17.17 

76 

Furthermore,  the  tars  from  different  ovens  of  the  same  type  show 
marked  inconsistencies  in  many  respects.  For  instance,  twelve  tars 
from  as  many  different  Semet-Solvay  plants  in  which  retort  firing  tem- 
peratures were  in  each  case  1050°-1450°  C,  and  maximum  tempera- 
tures to  which  coal  was  brought,  950°-1150°  C,  show  amounts  of  free 
carbon  ranging  from  4  per  cent  to  9  per  cent ;  of  pitch,  from  63  per 
cent  to  79  per  cent;  and  of  anthracene  oils,  from  5.5  per  cent  to  11 
per  cent. 

Lunge,*  the  authority  on  coal  tars,  discusses  only  very  briefly  the 
effect  of  temperature  range  on  the  quality  of  tar.  Among  others,  he 
quotes  Behrens,f  who  found  that  the  tar  obtained  in  the  distillation  of 
coal  in  the  ordinary  fire-clay  gas-retorts  was  much  richer  in  benzene, 
tolene,  and  napthalene  than  that  made  from  the  same  kind  of  coal  in 
coke  ovens  operated  at  a  lower  temperature. 

In  considering  and  comparing  the  foregoing  reports  it  should  be 
borne  in  mind  that  as  yet  no  standard  or  official  methods  for  tar  an- 
alysis and  testing  have  been  adopted  by  the  industry  as  a  whole.  It  is 
true,  that  while  the  manufacturers  of  special  products  such  as  creosote 
and  road  material,  each  in  his  own  particular  field  has  defined,  more 
or  less,  his  standards,  the  results  obtained  are  not  always  comparable, 
and  this  is  especially  true  when  dealing  with  such  complex  hydrocar- 

*Lunge,   Coal  Tars  and  Ammonia,   4th  ed.   1909. 
tDingler's  Polytech.   Jour.   208,   362. 
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bons  as  coal  tars.  In  spite  of  this  difficulty,  however,  there  is  sufficient 
unanimity  among  the  authorities  to  establish  the  fact  fully  confirmed 
by  the  worker  in  organic  chemistry  that  rise  of  temperatures  tend  to 
produce  polymerization  with  the  formation  of  more  complex  sub- 
stances of  higher  molecular  weight,  and  that  comparatively  valueless 
products  such  as  naphthalene  and  heavy  pitch  are  produced  in  increas- 
ing quantities.  In  other  words,  the  lighter  and  more  valuable  hydro- 
carbons are  being  destroyed  in  favor  of  the  heavier  ones  which  find 
little  industrial  use. 
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WIND    STRESSES    IN    THE    STEEL    FRAMES    OF    OFFICII 

BUILDINGS 

I.     Introduction. 

1.  Preliminary. — The  increase  in  the  price  of  land  in  large  cities 
has  made  it  necessary  to  build  high  buildings  in  order  to  get  a  large 
rentable  floor  space  on  a  small  parcel  of  land.  The  type  of  building 
generally  used  is  known  as  the  steel-skeleton  building.  In  this  type  of 
building  the  live  and  dead  loads,  including  the  weight  of  the  walls,  are 
carried  by  a  system  of  beams  and  girders  to  columns  and  are  carried  by 
the  columns  to  the  footings. 

In  high  buildings  the  horizontal  shear  due  to  the  wind  load  is  very 
large;  and,  since  it  is  usually  impracticable  to  put  diagonal  braces  be- 
tween the  columns,  it  is  customary  to  make  the  steel  frame  rigid  enough 
to  resist  the  horizontal  shear  by  virtue  of  the  stiffness  of  the  columns 
and  girders.  The  exact  determination  of  the  stresses  in  a  steel  frame 
due  to  a  horizontal  shear  is  one  of  the  problems  of  structural  engineering 
which  remains  to  be  solved.  While  the  writers  realize  that  the  method  of 
determining  these  stresses  presented  in  this  bulletin  is  based  upon  as- 
sumptions which  are  not  exactly  true,  they  believe  that  the  method  is 
more  accurate  than  the  methods  ordinarily  used. 

2.  Acknowledgment. — Messrs.  Anderson,  Becker,  Gomez,  and 
Richart,  graduate  students  in  the  College  of  Engineering  of  the  Uni- 
versity of  Illinois,  calculated  the  moments  in  Table  23,  and  the  moments 
as  determined  by  methods  I,  II,  and  III  in  the  keys  to  the  diagrams 
in  Figs.  10,  11,  and  12,  and  assisted  with  the  calculations  necessary  to 
determine  the  curves  shown  in  these  figures.  Professor  Ira  0.  Baker 
and  Professor  C.  A.  Ellis  rendered  valuable  assistance,  criticizing  the 
bulletin  during  its  prepartion.  The  writers  gratefully  acknowledge  in- 
debtedness to  these  men. 

H.     Present  Methods  of  Calculating  Wind  Stresses  in  Office 

Buildings. 

3.  Classification  of  Methods. — Methods  of  calculating  wind  stresses 
in  the  steel  frames  of  office  buildings  may  be  divided  into  two  classes, 
viz.:   (1),  those  used  in  the  actual  design  of  buildings  and   (2),  those 
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which  have  resulted  from  an  effort  to  make  an  exact  analysis  of  the 
stresses.  In  the  methods  of  the  first  class,  accuracy  has  been  sacrificed 
to  shorten  and  simplify  the  calculations.  In  the  methods  of  the  second 
class,  the  aim  has  been  to  make  an  exact  analysis  rather  than  an  analysis 
that  can  be  used  in  the  actual  design  of  a  building. 

For  the  sake  of  convenience  in  reference,  methods  of  the  first  class 
are  designated  as  approximate  methods,  and  those  of  the  second  class 
are  designated  as  exact  methods. 

4.  Approximate  Methods— (a)  Fleming's  Methods.  Mr.  R. 
Fleming,  in  an  article  in  Engineering  Neivs,  describes  three  methods, 
which  are  in  current  use.*  These  methods  are  designated  as  methods  I, 
II,  and  III.  The  three  methods,  as  applied  to  a  building  in  which  all 
columns  of  a  story  have  the  same  section,  are  based  upon  the  following 
assumptions : 

Assumptions  in  Method  I. 

1.  A  bent  of  a  frame  acts  as  a  cantilever. 

2.  The  point  of  contra-flexure  of  each  column  is  at  mid-height  of 
the  story. 

3.  The  point  of  contra-flexure  of  each  girder  is  at  its  mid-length. 

4.  The  direct  stress  in  a  column  is  directly  proportional  to  the 
distance  from  the  column  to  the  neutral  axis  of  the  bent. 

Assumptions  in  Method  II. 

1.  A  bent  of  a  frame  acts  as  a  series  of  portals. 

2.  The  point  of  contra-flexure  of  each  column  is  at  mid-height  of 
the  story. 

3.  The  shear  is  the  same  on  all  columns  of  a  story. 

4.  Each  pair  of  adjacent  columns  of  a  bent  acts  as  a  portal,  and 

each  interior  column  is  a  member  of  two  adjacent  portals.  The  direct 
stress  in  an  interior  column,  when  the  column  is  considered  as  a  mem- 
ber of  the  portal  on  one  side,  is  of  opposite  sign  from  the  direct  stress 
in  the  same  column  when  considered  as  a  member  of  the  portal  on  the 
opposite  side  and  the  resultant  direct  stress  is  equal  to  zero. 


*Wind   Bracing  without   Diagonals   for   Steel-Frame    Office    Buildings,   Engineering   News, 
March  13,  1913. 
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Assumptions  in  Method  III. 

1.  A  bent  of  a  frame  acts  as  a  continuous  portal. 

2.  The  point  of  contra-flexure  of  each  column  is  at  mid-height  of 
the  story. 

3.  The  direct  stress  in  a  column  is  directly  proportional  to  the 
distance  from  the  column  to  the  neutral  axis  of  the  bent. 

4.  The  shear  is  the  same  on  all  columns  of  a  story. 

(b)  Smith's  Methods.  Professor  Albert  Smith,  in  a  paper  before 
the  Western  Society  of  Engineers,  describes  a  method  which  he  has 
used  in  his  classes  in  Structural  Engineering  at  Purdue  University.^ 
This  method  is  here  designated  as  Method  IV. 

Assumptions  in  Method  IV. 

1.  The  point  of  contra-flexure  of  each  column  is  at  mid-height  of 
the  story. 

2.  The  point  of  contra-flexure  of  each  girder  is  at  its  mid-length. 

3.  The  shears  on  the  internal  columns  are  equal  and  the  shear  on 
each  external  column  is  equal  to  one-half  of  the  shear  on  an  interior 
column. 

If  all  of  the  assumptions  of  any  of  these  methods  are  accepted,  the 
stresses  in  a  frame  may  be  determined  by  applying  the  fundamental 
equations  of  static  equilibrium.  It  is  apparent  from  the  assumptions 
that  the  results  obtained  by  these  methods  are  radically  different. 

5.  Exact  Methods. —  (a)  Melick's  Method.  Dr.  Cyrus  A.  Melick* 
used  a  method  which  takes  into  account  the  form  of  the  elastic  curves 
and  the  deflections  and  changes  in  length  of  the  members.  The  method 
is  so  long  that,  when  applied  to  a  building  only  four  stories  high,  the 
amount  of  work  required  is  almost  prohibitive.  To  apply  it  to  a  build- 
ing twenty  stories  high  would  be  impracticable  if  not,  in  fact,  impossible. 

(b)  Jonson's  Method.  Mr.  Ernest  F.  Jonson  suggested  a  method 
which  takes  into  account  the  deflections  of  the  columns  and  the  changes 
in  the  slopes  of  the  tangents  to  the  elastic  curves  of  the  columns  and 
girders  at  the  points  where  they  intersect.t 

If  the  method  which  he  suggests  were  used,  it  would  give  the 
stresses  with  a  fair  degree  of  accuracy ;  but  his  method  involves  so  many 
unknowns  that  its  use  would  not  be  practicable  in  the  actual  design  of 
buildings. 


JWind    Stresses   in   the   Frames   of   Office   Buildings,   by    Albert    Smith,   Journal   Western 
Society  of  Engineers,  Vol.  XX,  No.  4,  p.  341. 

•Stresses  in  Tall  Buildings,  by  Cyrus  A.  Melick.     Bulletin  No.  8,  College  of  Engineering, 
University  of  Ohio. 

tThe  Theory  of  Frameworks  with   Rectangular   Panels   and   Its  Application   to   Buildings 
which  Have  to  Resist  Wind,  by  Ernst  F.  Jonson,  Tran.  Am.  Soc.  C.  E.,  Vol.  55,  p.  413. 
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(c)  Method  of  Least  Work.  Professor  Albert  Smith  has  deter- 
mined the  wind  stresses  in  symmetrical  bents  having  two,  three,  and 
tour  spans  by  the  method  of  least  work.*  This  method  is  exact,  but,  of 
course,  is  extremely  long. 

1 1  r.     Outline  of  the  Proposed  Analysis. 

6.  Outline  of  the  Method. — In  making  an  analysis  of  the  stresses, 
the  writers  made  certain  assumptions  and  applied  certain  fundamental 
principles  of  mechanics  and  obtained  equations  from  which  the  stresses 
in  a  frame  can  be  determined.  The  assumptions  which  have  been  made 
are  stated  in  Section  IV  and  the  derivation  of  the  equations  is  given  in 
Sections  V  and  VI. 

It  can  be  proven  that  the  moment  at  an  end  of  a  member  of  a 
frame  is  a  function  of  the  changes  in  the  slopes  of  the  tangents  to  the 
elastic  curve  of  the  member  at  its  ends  and  of  the  deflection  of  one  end 
of  the  member  relative  to  the  other  end  (see  equation  A,  page  13).  ■ 

In  the  strained  position,  all  the  columns  and  girders  which  intersect 
at  one  point  have  been  subjected  to  the  same  change  in  slope  (see  as- 
sumption 1,  Section  IV)  ;  the  vertical  deflections  of  the  ends  of  all 
girders  are  equal  to  zero;  and  the  horizontal  deflections  of  the  tops  of 
all  columns  of  a  story  are  equal   (see  assumption  2,  Section  IV). 

Consider  any  story  of  a  bent.  Take  the  point  of  intersection  of 
the  neutral  axes  of  a  column  and  a  girder  as  a  free  body.  It  is  in  equi- 
librium under  the  action  of  the  moments  at  the  extremities  of  the  col- 
umns and  girders  which  intersect  at  the  point.  Each  of  the  moments 
may  be  expressed  in  terms  of  the  changes  in  the  slopes  at  the  extremities 
of  the  member,  and  the  deflection  of  one  end  of  the  member  relative  to 
the  other.  A  moment  equation  can  therefore  be  written  for  each  point 
where  the  columns  and  girders  intersect,  and  the  only  unknown  quan- 
tities will  be  the  changes  in  the  slopes  at  the  extremities  of  the  columns 
and  the  horizontal  deflections  of  the  columns  in  a  story. 

If  all  the  columns  of  a  story  be  taken  together  as  a  free  body,  the 
sum  of  the  moments  at  the  two  extremities  of  all  the  columns  will  be 
balanced  by  a  couple  whose  moment  is  equal  to  the  total  shear  on  the 
story  multiplied  by  the  story  height.  The  shear  and  the  height  of  the 
story  are  known,  and  the  moments  in  the  columns  can  be  expressed  in 
terms  of  the  slopes  and  the  deflections  at  their  extremities  the  same  as  in 
the  previous  equations.  It  is  therefore  possible  to  write  as  many  equations 
for  each  story  as  there  are  columns  in  the  story,  plus  one.    As  the  only 

*Wind    Stresses    in    the    Frames   of    Office    Buildings,    by    Albert    Smith,    Journal    Western 
Society  of  Engineers,  Vol.  XX,   No.   4,  p.  341. 
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unknown  quantities  in  these  equations  are  the  changes  in  the  slopes  at  the 
extremities  of  the  columns  and  the  deflection  in  a  story  common  to  all 
columns,  there  are  as  many  equations  per  story  as  there  are  unknown-. 
By  solving  these  equations  the  slopes  and  the  deflections  can  be  deter- 
mined. Knowing  the  slopes  and  the  deflections,  the  moments  can  be 
computed. 

The  product  of  the  shear  on  a  member  and  the  length  of  the  mem- 
ber is  equal  to  the  algebraic  sum  of  the  moments  at  the  extremities  of  the 
member.  Since  the  moments  and  the  length  of  the  member  are  known 
the  shear  can  be  computed. 

With  the  shears  in  the  girders  known,  the  direct  stress  in  any  col- 
umn can  be  determined  by  taking  the  column  as  a  free  body  and  equat- 
ing the  sum  of  the  vertical  forces  to  zero. 

The  direct  stress  in  a  girder  may  be  determined  in  a  similar  manner. 

The  method  just  described  is  based  upon  the  proposition  in  me- 
chanics used  by  Mr.  Jonson,  but  the  method  which  the  writers  have 
developed  differs  from  the  one  used  by  him  in  that  the  changes 
in  the  slopes  and  the  deflections  have  been  used  as  the  unknown  quanti- 
ties instead  of  the  direct  stresses  and  the  moments.  Four  members, 
two  columns  and  two  girders,  intersect  in  a  point.  Each  member  is 
subjected  to  a  different  direct  stress  and  a  different  moment,  whereas  all 
of  the  members  are  subjected  to  the  same  change  in  slope,  and  all  of 
the  columns  in  a  story  are  subjected  to  the  same  deflection.  It  is  there- 
fore apparent  that  there  are  fewer  unknown  slopes  and  deflections  than 
moments  and  direct  stresses.  The  large  reduction  in  the  number  of 
unknowns  very  much  simplifies  the  solution  of  the  equations. 

IV.     Assumptions  Upox  AYhich  the  Analysis  Is  Based. 

7.  Statement  of  Assumptions. — The  proposed  analysis  is  based 
upon  the  following  assumptions : 

1.  The  connections  between  the  columns  and  girders  are  perfectly 
rigid. 

2.  The  change  in  the  length  of  a  member  due  to  the  direct  stress 
is  equal  to  zero. 

3.  The  length  of  a  girder  is  the  distance  between  the  neutral 
axes  of  the  columns  which  it  connects  and  the  length  of  a  column  is 
the  distance  between  the  neutral  axes  of  the  girders  which  it  connects. 

4.  The  deflection  of  a  member  due  to  the  internal  shearing  stresses 
is  equal  to  zero. 
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5.     The  wind  load  is  resisted  entirely  by  the  steel  frame. 
These  assumptions  will  be  discussed  in  Section  XI. 

V.     Fundamental  Equation. 

8.  Fundamental  Proposition. — The  fundamental  equation  used  in 
this  analysis  is  based  upon  the  following  proposition: 

When  a  member  is  subjected  to  flexure,  the  deflection  of  any  point 
in  the  neutral  axis  from  the  tangent  to  the  elastic  curve  at  any  other 

M 

point  is  equal  to  the  moment  of  the  area  of  the  ■  ^      diagram  for  the 

portion  of  the  member  between  the  two  points,  about  the  point  where  the 
deflection  is  measured. 

9.  Proof  of  the  Proposition. — The  line  AB,  Fig.  1,  represents  the 
neutral  axis  of  a  member  subjected  to  flexure.  The  deflection  of  the 
member  is  very  much  exaggerated  in  the  figure.  The  actual  deflection 
is  so  small  that  the  length  of  the  curve  may  be  considered  equal  to  its 
horizontal  projection.  It  is  required  to  prove  that  the  deflection  of  any 
point  P  from  the  tangent  to  the  line  AB  at  any  other  point  Q  is  equal  to 

J        Q    W        ^^ 

Extend  the  tangents  at  the  extremities  of  an  element  of  the  curve 
until  they  intersect  the  vertical  line  through  P.  The  intercept  on  this 
vertical  line  between  two  consecutive  tangents  is  equal  to  xdO.  The 
total  deflection  of  P  from  the  tangent  at  Q  is  equal  to  the  algebraic 
sum  of  these  intercepts  for  the  elements  of  the  elastic  curve  between 

the  points  Q  and  P.      That  is,  y  =    /      xd0.      The    equation    of    the 

J   Q 

elastic  curve  may  be  written  — r—  =  — — .     Substituting  the  value  of  dd 

ax        ljI 

fp     M 
from  this  equation  in  the  expression  for  y,  gives  y  —      \      ■  dx-x. 

J  q     til 

M  M 

The  quantity  -r^r  dx  can  be  considered  as  an  elementary  area  of  the  —==■ 

fp     M 
diagram.    The  quantity    /       ^      dx-x  can  therefore  be  considered  as  the 

J  q   til 

M 
moment  of  the  —==■  diagram  about  the  point  P. 
hi 
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10.  Derivation  of  Fundamental  Equation. — Consider  a  member 
which  is  not  acted  upon  by  any  external  forces  or  couples  except  at  the 
ends.  The  line  AB  in  Fig.  2  represents  the  neutral  axis  of  such  a 
member.  The  moment  at  A  is  represented  by  MAB  and  at  B  by  MBA. 
The  change  in  the  slope  of  the  elastic  curve  at  A  due  to  the  external 
forces  is  represented  by  0A,  and  at  B  by  6B.  The  deflection  of  A  from 
its  original  position  A' ,  is  d.  The  deflection  of  A  from  the  tangent  at 
B  is  represented  by  (d  —  l-6B)  ;  and  the  deflection  of  B  from  the  tangent 


Fig.  l.    Proof  of  Fundamental  Equation. 


M 
at  A  is  represented  by  (d  —  l-6A).    The    =r diagram  is  shown  in  Fig.  3. 

hi 

The  signs  of  the  quantities  are  determined  by  the  following  rules : 

The  change  in  the  slope,  or  the  angular  deformation,  is  positive 
(+)  when  the  tangent  to  the  elastic  curve  of  the  member  is  turned  in 
a  clockwise  direction. 

Distances  and  deflections  are  positive  when  they  are  measured  in 
the  same  direction  from  the  base  line  as  are  positive  slopes. 

The  moment  acting  upon  a  member  at  the  section  where  the  deflec- 
tion is  measured  is  positive  (+)  when  it  produces  a  clockwise  rotation, 

Substituting  (d  —  l-6B),  the  deflection  of  A  from  the  tangent  at  B} 
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CM 

for  y  in  the  equation  y  =    I  — -  dx-x,  gives 

J  EI 

fB    M 
(d—l-dn)  =  /       -—-dxx. 
J  a   -tiJ- 

Substituting  the  value  of  M  from  the  equation 


M  =  MAB  -f 


p/BA-il/AB-| 

■  j fe  glves 


If  the  material  is  homogeneous  and  the  section  uniform,  E  and 
/  are  constants.     Performing  the  indicated  integration,  gives 

/    7  7  /i    \  ^AB         '  |  MBA        '"  -^AB        l" 

{d~1^  "W  T  +    ¥?-¥T'or 

d  =  ^B  +  Wi  \2Mba  +  Mab  1  (1) 

Substituting  (d—l-6A),  the  deflection  of  5  from  the  tangent  at  A, 

f  M 

for  y  in  the  equation,  y  —    /  — —  J£#,  gives 

/*A    # 

(d  —  16  A)  =  /      ——dxx. 

J  B  EI 

The  moment  at  any  section  in  the  member,  when  considering  the 
deflection  at  B,  is  of  opposite  sign  from  the  moment  at  the  same  section 
when  considering  the  deflection  at  A.  (See  preceding  rule  for  determin- 
ing the  sign  of  the  moment.) 

Substituting  the  value  of  M  from  the  equation 

'MAB-MBA1 

■ \x j  gives 


M  =  -  M 


BA 


f    MBA      7        rMAB-MBAl 
(d  —  l-6A)  —     — j^r  xd%  ~    - p2  dx  or 

7      7,        MBA  I2        MAB  P         MBA  I2 
a  ~  C'Ua       EI  2  EI  3    +  ~eT~3 

d  =  V6A  1  l-MSA-2MAB  1 (2) 

Multiplying  equation   (2)   by  2,  gives 

I2 
2d  =  21-6 A  4 


6EI 


\-mBA-4MAB~\ (3) 
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Afe  i.  r&  a 


Fig.    2.     Derivation    of    Fuxda 
mental  Equation. 


Fig. 


EI 


Diagram. 


Adding  equations  (1)  and  (3)  gives 

r- 

3d  =  210A  +  l$B  4 


QEI 


]"-  3i¥AB  1 


I  d 

Substituting  K  for  —  and  R  for  -=-  and  solving  for   MAbj  gives, 

.     J/AB  =  2 EK    [20A  +  0B-3E] (A) 

When  d  =  0,  equation  (A)  becomes 

MAB  =  2EK    (2  0A  -h  0B) (B) 

Equation  (A)  is  general  and  ma}'  be  applied  to  any  length  of  any 
member  in  bending  provided  the  length  considered  has  no  intermediate 
external  force  applied  to  it.     That  is,  one  or  more  of  the  quantities 
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Oa*  Ob,  and  d  may  be  negative  and  equation  (A)  will  still  give  the 
moment  at  the  point  A  in  both  magnitude  and  sign.  Equation  (A)  is 
the  fundamental  equation  upon  which  the  analysis  which  follows  is  based. 
Equation  (B)  is  a  special  form  of  equation  (A).  Equation  (A)  may 
be  expressed  as  follows: 

The  moment  at  the  end  of  any  member  is  equal  to  2EK  times  the 
quantity:  Two  times  the  change  in  the  slope  at  the  near  end  plus  the 
change  in  the  slope  at  the  far  end  minus  three  times  the  deflection 
divided  by  the  length.  E  is  the  modulus  of  elasticity  of  the  material  and 
K  is  the  ratio  of  the  moment  of  inertia  to  the  length  of  the  member. 

VI.     Derivation  of  General  Equations. 

11.     Notation.— The  following  notation  has  been  used: 

A,  B,  C,  etc.  =  the  columns  of  a  bent,  beginning  at  the  right  and 

reading  toward  the  left. 
a,  b,  c,  etc.=  the  bays  of  a  bent,  beginning  at  the  right  and  reading 

toward  the  left.     The  girder  in  bay  a  is  designated  as  girder  a,  in 

bay  b  as  girder  b,  in  bay  c  as  girder  c,  etc. 
Alf  A2,  Az,  etc.  =  the  intersections  of  the  neutral  axes  of  the  girders  at 

the  tops  of  the  first,  second,  third,  etc.,  stories  with  the  neutral  axis 

of  column  A. 
Bu  B2,  B3,  etc.  =  the  intersections  of  the  neutral  axes  of  the  girders  at 

the  tops  of  the  first,  second,  third,  etc.,  stories  with  the  neutral  axis 

of  column  B. 
d  ~  deflection  of  the  columns  in  a  story  height. 
E  —  modulus  of  elasticity  of  the  material. 
h  =  length  of  a  column  measured  from  neutral  axis  to  neutral  axis  of 

the  girders. 
I  =  moment  of  inertia  of  the  girder  and  column  sections. 

J  =  2    y^  ( \-  - — ■  J       for  all  columns  and  girders  which  intersect  at 

a  point. 

K  =     ~y  '   ^or  gMers  and     —    for  columns. 

L  lb 

I  =  length  of  a  girder  measured  from  neutral  axis  to  neutral  axis  of 

the  columns. 
M  =  bending  moment. 

N  =  2  2_,  ( )  ^or  a^  columns  in  a  story. 
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ff  = 


h 


W  =  total  horizontal  shear  in  a  bent  at  any  story. 

w  =  increment  of  the  horizontal  shear  in  a  bent  in  a  story  height. 

6  =  change  in  the  slope  of  the  tangent  to  the  elastic  curve. 

Subscripts  are  added  to  the  letters  to  indicate  the  particular  part 
of  a  bent  to  which  a  given  symbol  applies.  For  example,  referring  to 
Fig.  4,  girder  b1  is  the  girder  in  bay  b  at  the  top  of  the  first  story, 
Ax  is  the  intersection  of  the  girder  at  the  top  of  the  first  story  with 
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Fig.  4.    Bottom   Five   Stories   of  a    Symmetrical  Three-Span   Bent. 

column  A,  6Al  is  the  slope  of  the  tangent  to  the  elastic  curve  at  the 
point  A1;  d3  is  the  deflection  of  the  columns  in  the  third  story;  JB4  is 
the  J  at  the  point  Z?4;  KA2  is  the  K  of  column  A  in  the  second  story. 
The  moment  at  the  right  end  of  the  girder  in  bay  a  at  the  top  of  the 
second  story  is  designated  as  M2AB,  and  the  moment  at  the  left  end  of 
the  same  girder  is  designated  as  M2BA.  The  moment  at  the  top  of  the 
column  B  in  the  third  story  is  designated  as  MBZ2,  and  the  moment  at 
the  bottom  of  the  same  column  is  designated  as  MB23- 

12.  Derivation  of  Equations. — Fig.  4  shows  the  bottom  five  stories 
of  a  symmetrical  three-span  bent.  It  is  required  to  find  the  stresses  in 
all  of  the  members. 
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Consider  the  columns  of  the  third  story  acting  together  as  a  free 
body.  (Any  other  story  could  have  been  used.)  The  algebraic  sum  of 
all  of  the  moments  at  the  tops  and  the  bottoms  of  all  the  columns  plus 
the  product  of  the  total  shear  in  the  story  and  the  story  height,  is  equal 
to  zero.     That  is,  2  (MAB2  +  M A23  +  i¥B32  +  MB23)  +  W3h3  =  0 

Substituting  the  values  of  the  moments  as  given  by  equations  A  and 
B  of  Section  V  gives 

2  [  2EKA,  (26*  +  0A2  -3R3)  +  2EKA3  (26Az  +  6A3  -  3i2s)  + 
2EKB3  (26Bs  +  #b2  -  SR3)  +  2EKB3  (20B2  +  6B3  -  SR3)  ] 

+  ivy,  3  =  0. 

Letting  N  =  2     2_\  ( )  ^or  a^  °^  the  columns  in  a  story,  and 

collecting,  gives 

W  h 
2KA3  6A2  +  2KB3  6B2  -  N3R3  +  2KAs  6A3  +  2ZB,  6B,  =  -  -^ (1) 

Consider  the  point  A3  as  a  free  body.     Taking      ^^  M  —  0,  gives 

MA34  +  MA32  +  il/oAB  =  0.     Substituting  the  values  of  these  moments  as 
given  by  equations  A  and  B  gives, 

2EKA4  (26A,  +  0A4  -3R4)  +  2EKA3  (26 A,  +  0A2-3R3)  + 
2EK&3    (26a3  +  0bs)  =  0. 
Combining  the  coefficients  of  the  unknowns  and  cancelling  the  common 
factor  2E  gives, 

0A2KA,  +  eA,  (2K A4  +  2KA3  +  2K&3)  +  0A4  KA4  +  6B3Kn  - 
R3SKA3  -  RJKm  =  0. 

Substituting  JA?t  for  2  y^  (  — -f —  )  of  all  the  members  that  intersect 

at  As,  the  equation  becomes: 

Ka*  eA2  -  3ZAs  R3  +  JM  $As  +  K&3  eB,  -  3KA4R4  +  ka,oA4  =  o. . .  (%) 

The  point  B3  is  in  equilibrium  under  the  action  of  the  four  mo- 
ments M3B\  ]\l,m\  MBai,  and  MBS2.  Equating  the  sum  of  these  four 
moments  to  zero  gives, 

2EK&3  (20B3  +  ^a3)  +  2EKb3  (20B3  +  0B?)  +  2EKB4  (26B3  + 
0B4  -  3224)  +  2EKB3  (20B3  +  6B2  -  3R3)  =  0. 
Combining  the  coefficients  for  the  unknowns  and  cancelling  the  common 
factor  2E,  gives, 

20B3  (K**  +  K*>*  +  K»*  +  Zb3)  +  0A3Ka3  +  6B3Kb3  +  6B4KB4  + 
6B2KB3  -  SR4KB4  -  SR3KB3  =  0. 

Substituting  JB3  for  2   y     ( — ■  +  —  j  of  all  the  members  intersecting  at 
B3,  the  equation  becomes, 
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Kbs  ^B2  3J^Ba-^3  "I"  K&3  ^A3  H~    (-^b3  4"  ^3)  ^B,-,  37\.b4^4  + 

KBJBi  =  0    •  • (3) 

The  three  equations,  1,  2,  and  3,  can  be  written  for  any  story  by 

making  the  proper  changes  in  the  subscripts.  As  there  are  only  three 
unknowns,  6A,  6B,  and  R  for  each  story,  as  many  equations  can  be  writ- 
ten for  a  bent  as  there  are  unknowns  to  be  determined.    It  is  possible  to 

solve  these  equations  for  the  unknown  quantities  algebraically,  but  the 
large  number  of  equations  involved  makes  the  work  very  difficult.  It 
is  simpler  to  substitute  the  numerical  values  of  the  coefficients  in  the 
equations  and  solve  for  the  numerical  values  of  the  unknown  quantities 
by  the  process  of  elimination  explained  in  Section  VII. 

For  convenience  in  the  application  of  this  process  of  elimination, 
the  equations  are  written  in  tabular  form  as  shown  in  Table  3  in  which 
the  unknown  changes  in  the  slopes  and  the  ratios  of  deflection  to  story 
height  are  written  at  the  tops  of  the  columns  and  the  coefficients  of 
these  unknowns  are  written  below.     For  example,  in  writing  equation 

A  of  Table  3,  which  is   -  N1B1  +  2KAl0Al  +  2KBl6Bl    = ~r~ 

hi!/ 

—  Nlf  the  coefficient  of  Rlf  is  placed  in  the  column  under  R1;  2KAl,  the 
coefficient    of    0Al,    is    placed    in    the    column    under    6Al ;    2KBl,    the 

TT'      7 

coefficient  of  6Bl,  is  placed  in  the  column  under  0Bl;    and— —  ] x 

is  placed  in  the  column  headed  "Eight-Hand  Member  of  Equation." 
Having  the  equations  written  in  this  form,  it  is  unnecessary  to  repeat 
the  unknown  quantities  when  eliminating  them  from  the  equations  by 
the  method  used  in  Table  14. 

Table  3  contains  the  general  equations  to  be  used  in  determining 
the  slopes  and  the  deflections  in  a  symmetrical  three-span  bent  any 
number  of  stories  high.  The  subscripts  1,  2,  and  3  refer  to  the  first, 
second,  and  third  stories  respectively,  and  the  subscripts  x,  y,  and  z  refer 
to  the  second  from  the  top,  the  next  to  the  top,  and  the  top  stories  re- 
spectively. The  equations  for  the  intervening  stories  are  of  the  same 
form,  but  have  different  subscripts. 

By  using  the  general  method  outlined  above,  that  is,  by  writing 
an  equation  similar  to  equation  1  for  each  story  and  an  equation  similar 
to  equations  2  and  3  for  each  intersection  of  a  column  with  a  girder 
for  each  story,  as  many  equations  as  there  are  unknowns  can  be  written 
for  a  bent  containing  any  number  of  spans  and  any  number  of  stories. 
General  equations  for  symmetrical  bents  of  from  one  to  five  spans  are 
given  in  Tables  1  to  5  and  similar  equations  for  u asymmetrical  bents 
of  from  one  to  five  spans  are  given  in  Tables  6  to  10. 

In  order  to  check  the  equations  of  Tables  1  to  10,  a  model  of  a 
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Table  2. 

General  Equations  for  a  Symmetrical  Two-Span  Bent 
Any  Number  of  Stories  High. 


Left-Hand  Member  of  Equation 

RiKht-Hand 

1 

Story  No.  1 

Story  No 

2 

Story  No.  3 

Intervening 
Stories 

Story  No.  X 
(Second  from  Top) 

Story  No.  Y 
(Next  to  Top) 

Story  No.  Z 
(Top) 

of  Equation 

& 

Rl 

<?A1 

#B1 

R2 

»as 

#B2 

*3 

#A3 

#B3 

*x 

«ax 

#AY 

RY 

»AY 

#BY 

Rz 

#AZ 

SBZ 

Coefficients  of  Unknown  Slopes  and  Ratios  of  Deflection  to  Story  Height 

A 

-w, 

2KA1 

«B. 

— M',A1+6E 

B 

-3*Al 

J,\i 

xal 

-3«A! 

KA2 

0 

C 

— 3a:bi 

2Ka] 

'fll 

-3Kb, 

KB2 

0 

D 

«*l 

KB2 

—N2 

2KA2 

*B2 

—W.Jl.,^6E 

E 

Kas 

—3K  v2 

■>A8 

KaS 

— 3KA3 

KA3 

0 

F 

KB2 

— 3KB2 

2A'a2 

•'B2 

_3XB3 

KB3 

0 

Similar  equations  for  intervening  stories 


u 

2KAY 

KBT 

-ffy 

2«AT 

KBY 

— WY*V  -:6E 

V 

KAY 

-3XAY 

•'ay 

«.y 

-3^'az 

KAZ 

0 

w 

KBT 

-3K11Y 

2K«Y 

■'B1 

— 3KBZ 

KBZ 

0 

X 

2KAZ 

^BZ 

-Wa 

2*AZ 

K«Z 

— WzAz-:-6E 

Y 

KAZ 

— 3XAZ 

JA7. 

KaZ 

0 

Z 

XBZ 

-3*bz 

aZ 

•'bz 

0 

Table  3. 

General  Equations   for  a  Symmetrical  Three-Span  Bent 
Any  Number   of   Stories  High. 


/% 


Left-Hand  Member  of  Equation 

Right-Hand 

1 

Story  N 

3.  1 

Story  N 

0.2 

Story  No.  3 

Intervening 
Stories 

Story  No.  X 
(Second  from  Top) 

Story  No.  Y 
(Next  to  Top) 

Story  No.  Z 
(Top) 

of  Equation 

w 

Ri 

9ai 

«B1 

Ra 

#A2 

#Ba 

Rs 

#A3 

#B3 

Rx 

»AX 

#BX 

RY 

«AY 

#BY 

Rz 

0AZ 

^BZ 

Coefficients  of  Unknown  Slopes  and  Ratios  of  Deflection  to  Story  Height 

A 

-»i 

**A1 

2KB, 

— w^j+m 

B 

— 3KA1 

>A] 

K.l 

-3KA2 

KAS 

0 

C 

— 3KB1 

Kal 

•/Bl+Kbl 

-3KBa 

KB2 

0 

D 

2K.« 

-KB2 

-w„ 

2KA! 

3KB8 

— WaAg-s-6E 

E 

KA8 

-3A'V, 

JA2 

Ka2 

— 3KA3 

KAS 

0 

F 

KB2 

-3^B8 

Ka2 

■^B3+Kb2 

-^BS 

KB3 

0 

Similar 

equatio 

is  for  intervening  storie 

V 

2KAY 

2KB\ 

—NY 

2K,Y 

2KBY 

— H\./i  Y-s-6E 

V 

*AY 

-3KAY 

•>AY 

*aY 

-3KAZ 

KAZ 

O 

w 

= 



KBY 

-3A'By 

KaY 

•'BY  +  K'bY 

~3A'bz 

KBZ 

0 

X 

2KAZ 

2KBZ 

~NZ 

2KAZ 

2KBZ 

—  Wy  h  y^CE 

Y 

*AZ 

~SKA  Z 

J 

K*Z 

0 

Z 

KBZ 

-S^BZ 

K*z 

^BZ+^bZ 

0 

Table  4. 

General  Equations  for  a  Symmetrical  Four-Span  Bent 
Any  Number  of  Stories  High. 


1% 


Left-Hand  Member  of  Equation 

RiuhuIIand 

Member 
of  Equation 

1 

Story  No.  1 

Story  No.  2 

Story  No.  3 

Intervening 
Stories 

Story  No.  X 
( Second  from  Top ) 

Story  No.  Y 
(Next  to  Top) 

Story  No.  Z 
(Top) 

8 

R, 

»A1 

*B1 

9(31 

R., 

#A2 

0B8 

e<a 

*3 

*A3 

^B3 

9(33 

*x 

«ax 

#BX      1     "Oj 

RY 

«AY 

#BY 

9(jy 

*z 

#AZ 

#BZ 

*C'Z 

Coefficients  of  Unknown  Slopes  and  Ratios  of  Deflection  to  Story  Height 

A 

—.V, 

2A.".V1 

2*B. 

a:,., 

-WjA^E 

B 

~3KA. 

JKl 

K»l 

-3KA2 

Kas 

0 

C 

-3XBI 

Kal 

■^Bl 

*i>i 

-3KB, 

KB2 

O 

D 

— 3K01 

2*l„ 

■'(31 

-3*08 

Koa 





0 

E 

2A-A, 

2KM 

KCi 

-*■ 

2*A2 

2KM 

KC2 

— W2»g-s-BE 

F 

*A2 

-3XA, 

'ai 

Ka2 

_3AA3 

KA3 

0 

G 

KB2 

-3KK2 

*rt 

■'aa 

*M 

_3A'n3 

KB3 

0 

H 

KC2 

-3KC2 

z«ba 

./,,, 

-3KCS 

Ki  a 

0 

Similar  equations  for  intervening  stories 


s 

2KAY 

2KKY 

ACY 

-A/v 

2KAV 

2A.'BV 

KC!Y 

— WTftYH-6E 

T 

KAY 

-3K\\ 

JAT 

x.v 

-3«AZ 

KAZ 

0 

U 

KRY 

— 3A'By 

KaY 

■'by 

KbY 

- 3XBZ 

KBZ 

0 

V 

Kce 

-3K(.Y 

2KbY 

/CT 

— 3K,.Z 

Kvz 

0 

w 

2XAZ 

2KBZ 

Knz 

-*z 

2K./V 

2KBZ 

KC7. 

— Wz*z-5-6B 

X 

KA7. 

— 3KAZ 

•'az 

«aZ 

0 

V 

*BZ 

- 3KBZ 

K*7. 

'bz 

*bZ 

i) 

z 

*oz 

— 3Kcz 

2KbZ 

■>oz 

0 

Table  5. 

General  Equations  for  a  Symmetrical  Five-Span  Bent 
Any  Number  of  Stories  High. 


/g 


Left-Hand  Member  of  Equation 

Right-Hand 

Member 
of  Equation 

a 
5 

^Mry  No.  1 

Story  No.  2 

Story  No.  3 

Intervening 
Stories 

Story  No.  X 
(Second  from  Top) 

Story  No.  Y 
(Next  to  Top) 

Story  No.  Z 
(Top) 

3 

Rl 

*A1 

#Bi 

<?L'l 

«a 

»A2 

«B2 

»oa 

R3 

"A3             "b3 

»C3 

*x 

»AX 

SBX 

ficx 

*Y 

»AY 

#BY 

"rv 

«Z 

«AZ 

#BZ 

»cz 

Coefficients  of  Unknown  Slopes  and  Ratios  of  Deflection  to  Story  Height 

A 

-*, 

2«ai 

2Kp.i 

«C1 

-U^li^iE 

B 

— 3A'A1 

■>A1 

K.i 

—3  A',., 

K42 

O 

c 

— 3A'B] 

K-\ 

■MM 

K|.1 

-3KB! 

*BS 

0 

D 

— 3A"ri 

A',,, 

•r.i+xci 

— 3KCB 

A,2 

0 

E 

2*a2 

2A',« 

2A(,2 

-»« 

2*A2 

2A'U2 

2A,.2 

—W.^i^CE 

F 

KAa 

— 3AA2 

7A3 

K„a 

— 3KAS 

KA3 

0 

G 

•^BS 

-3A'„, 

*.* 

J&i 

Kbs 

- ?XB3 

KB3 

0 

H 

KrE 

— 3KCI 

K»l 

J,,2+A,.2 

— 3A'( .., 

Kca 

0 

Similar  equations  for  intervening  stories 


s 

I 

2*AY 

2A'nY 

2K,.Y 

-A\. 

2KAY 

2A„Y 

2KCY 

— iry*Y-s-6E 

T 

KAY 

-W-AY 

-'ay 

«aY 

— 3A'A7 

KAZ 

0 

U 

KBY 

-3KKY 

KaY 

■'BY 

KI.Y 

—3KBZ 

KBZ 

0 

V 

I 

Kcy 

-:iA,,v 

*hY 

7,,Y+A-cy 

— 3At,7 

KV7. 

0 

w 

I 

2AAZ 

2KBZ 

2KCZ 

-*z 

2KAZ 

2KBZ 

-KV7. 

— Wz*z-s-6£ 

X 

I 

KAZ 

~3KA7. 

■'az 

*„z 

0 

Y 

I 

I 

XBZ 

~^BZ 

KaZ 

•'bz 

KhZ 

0 

Z 

I 

K(  !Z 

— 3KCZ 

«bz 

•/('Z  +  A'eZ 

0 

Table  6. 

General  Equations  for  an  Unsymmetrical  Single-Span  Bent 
Any  Number  of  Stories  High. 


/? 


Left-Hand  Member  of  Equation 

Right-Hand 
Member 

1 

Story  No.  1 

Story  No.  2 

Story  No.  3 

Intervening 
Stories 

Story  No.  X 
(Second  from  Top) 

Story  No.  Y 
(Next  to  Top) 

Story  No.  Z 
(Top) 

of  Equation 

rl 

Rj 

eM 

#B1 

R2 

»A2 

^B8 

*3 

#A3 

#B3 

Rx 

'ax 

#BX 

RY 

#AY 

9BY 

Rz 

#AZ 

#BZ 

Coefficients  of  Unknown  Slopes  and  Ratios  of  Deflection  to  Story  Height 

A 

-ff, 

KM 

KB, 

—Wfa+IE 

B 

-3*-'A1 

JA, 

Kat 

— 3KJ2 

KA? 

0 

C 

— 3KB1 

*al 

■'bI 

— 3XB2 

KB2 

0 

D 

*A2 

KB2 

-*, 

KA2 

KB2 

— W2A2-^6E 

E 

KA3 

~ZKXi 

JAi 

X»2 

—3KA3 

KAS 

O 

F 

*B2 

-3KB2 

*a2 

'b« 

~3KB3 

KB3 

0 

Similar  equations  for  intervening  stories 


u 

KAY 

KBY 

-NY 

KAY 

KBY 

— WYAY-!-6E 

V 

KAY 

— 3iCAY 

•'ay 

KaY 

— 3KAZ 

Kaz 

0 

w 

KBY 

— 3KBY 

*aY 

•'by 

~3KP.Z 

KBZ 

0 

X 

J 

KAZ 

KBZ 

-^Z 

KAZ 

XBZ 

— WZh7,**E 

Y 

1 

KAZ 

— 3KAZ 

-'az 

XaZ 

0 

z 

1 

KBZ 

— 3KBZ 

*aZ 

•'bz 

0 

Table  7. 

General  Equations  for  an  Unsymmetrical  Two-Span  Bent 
Any  Number  of  Stories  High. 


rf 


Left-Hand  Member  of  Equation 

Right-Hand 

Member 
of  Equation 

.1 

Story  No .  1 

Story  No.  2 

Story  No.  3 

Intervening 
Stories 

Story  No.  X 
( Second  from  Top ) 

Story  No.  Y 
(Next  to  Top) 

Story  No  Z 
(Top) 

s 

Rl 

»ai 

#B1 

"ci 

*2 

»A2 

#B2 

#02 

Rs 

#A3 

#B3 

#C3 

*x 

»AX 

#BI 

#CX 

RY 

#AY 

*BY 

#CY 

Rz 

SAZ 

<?BZ 

#CZ 

Coefficients  of  Unknown  Slopes  and  Ratios  of  Deflection  to  Story  Height 

A 

-*l 

KA1 

KB1 

KC] 

1 

— W1  h  ,H-6E 

B 

— 3KA1 

JM 

Kal 

— SKA„ 

K  v2 

1 

0 

C 

— 3KBj 

Kal 

'bi 

Kbl 

-3Kn, 

KB2 

1 

0 

D 

-3KC] 

A'b, 

JCl 

-3KC* 

KC2 

0 

E 

K.M 

*BS 

Kat 

~N-Z 

KA2 

Kbs 

Kea 

-n*„/i.,^6E 

F 

KA2 

-3«A2 

-^A8 

Ka2 

~3KA3 

KA3 

0 

G 

KBt 

-3KB3 

Ka2 

•'Ba 

*b3 

— 3KB3 

KB3 

0 

H 

&C* 

— 3KC2 

^M 

As 

— 3KC3 

•^03 

0 

Similar  equations  for  intervening  stories 


S 

■^AY 

KBY 

KCY 

-NY 

Kay 

XBY 

KCY 

— ITY  A  Y-5-6E 

T 

XAY 

—3KAY 

'ay 

«aY 

-3KAZ 

K\z 

0 

U 

XBY 

— 3A'J!Y 

XaY 

XBY 

KbY 

— 3XBZ 

KBZ 

0 

V 

KCY 

-3X0Y 

KbY 

JCY 

-3K,,Z 

*ez 

0 

w 

KAZ 

KBZ 

KC7. 

~NZ 

KA7, 

KBZ 

— WzAz-i-6E 

X 

KAZ 

— 3XAZ 

J AZ 

K.Z 

0 

Y 

KBZ 

— 3KBZ 

Ka7. 

'bz 

KbZ 

O 

Z 

Kvz 

— SK0Z 

KbZ 

'cz 

0 

Table  8. 

General  Equations  for  an  Unsymmetrical  Three-Span'  Bent 
Any  Number  of  Stories  High. 


/r 


Left-Hand  Member  of  Equation 

1 

Story  No.  1 

Story  No.  2 

Story  No.  3 

Intervening 
Stories 

Story  No.  X 
(Second  from  Top) 

Story  No.Y 
(Next  to  Top) 

Storv  No.  Z 
(Top) 

Right-Hani 

s 

Rj 

»AI 

«B1 

*0I 

»D1 

K2 

Sab 

em 

fl,.. 

9us 

Ra 

#A3 

#B3 

*03 

#D3 

*X 

#AX 

#BX 

#CX 

9dx 

RY 

«ay 

<?by 

eOT 

«..Y 

Rz 

»AZ 

#BZ 

fez 

#r>z 

of  Equation 

Coefficients  of  Unknown  Slopes  and  Ratios  of  Deflection  to  Story  Height 

A 

—  W, 

KM 

KB1 

KC] 

Km 

— ir,  *  ,-h6£ 

B 

-3*AJ 

Jil 

K* 

— 3A'A8 

AA2 

1 

! 

0 

C 

— 3KB1 

X.l 

'B] 

«bl 

-3KBa 

Km 

o 

D 

-3KCI 

Kbl 

-V, 

A',., 

— 3K0S 

Kcs 

] 

0 

E 

— 3XD1 

Kc 

•>D1 

-3KjjS 

KD! 

1 

0 

F 

K,, 

*B2 

Koa 

KW 

~Na 

KA2 

*B2 

KC8 

KM 

— jraAs-s-6E 

G 

XA2 

—3KV, 

^A2 

*«2 

— 3KA3 

KA3 

0 

H 

KB2 

-3A-,,,, 

Kaa 

^B2 

Xb2 

~3Km 

KB3 

1 1 

1 

Kcs 

~«KC! 

Kb2 

'c 

Kos 

-3XC3 

|     *C3 

0 

J 

KI>» 

— 3KI>2 

Ac3 

'» 

— 3KD3 

1 

K[13 

0 

Similar  equations  for  intervening  stories 


Q 

*ay 

KBY 

K0Y 

*DY 

-Wv 

*AY 

*BY 

KOT 

KDY 

—  Ily  *  y  +  6E 

R 

Kay 

—3  A  vy 

■>AY 

K.v 

-8X4Z 

KAZ 

0 

S 

KBY 

— 3KBY 

X,v 

•'by 

KbY 

_  3K1!Z 

KBZ 

0 

T 

KCY 

— 3X,,y 

KbY 

/OT 

*,Y 

-»K0Z 

Kcz 

0 

D 

KDT 

-3K„V 

KcY 

■'BY 

— 3iCI>Z 

KDZ 

0 

V 

«AZ 

KBZ 

Kcz 

Knz 

-»z 

*az 

KBZ 

Kcz 

KDZ 

—Wzkz-i4E 

w 

KAZ 

— 8KAZ 

'az 

*aZ 

0 

X 

*BZ 

-3KBZ 

«aZ 

-'bz 

KI.Z 

o 

Y 

K0Z 

-3K,.Z 

,%:i,z 

•Vz 

*rZ 

0 

Z 

A"DZ 

— 3KI>Z 

«oZ 

■^DZ 

0 

• 


General  Equations  tor  an  Unsymmetrical  Four-Span  Bent 
Any  Number  of  Stories  High. 


/Z 


Left-Hand  Membe 

of  Equation 

RU  .-PL.:.. 
of  B  pnlJOH 

i 

Hon  No.  1 

Story  No.  2 

Story  No.  3 

Intervening 
Stories 

Story  No.  X 
(Second  from  Top) 

Story  No.  Y 
(Nest  to  Top) 

Story  No.  Z 
(Top) 

* 

R\ 

9ai 

"bi 

»C1 

«D1 

»F.i 

R, 

»A2 

"lH 

»C2 

9m 

eE2 

R. 

.- 

"us        »ca    |    »ds 

,3 

RX           <>AX           "BX           «CX           SDX           «EX 

RY           »AV           «BY 

«CY  1  eDy      eEr 

Kz         "az        «bz        Dry.        «u?.        »EZ 

Coefficients  of  Unlrnr 

wn  Slopes  and  Ratios  of   Deflection  to  Story  Height 

A 

-N, 

A"\l 

KC\ 

K,„ 

KEr 

—IT,  *,-!-«£ 

B 

-3K„ 

/A1 

K«l 

—ZK  ,., 

Kit 

1 

0 

C 

— 3A.'m 

K,, 

•'bi 

h  ,„ 

— 3K1K 

Km 

0 

D 

_  3AVi 

Kbl 

./,  , 

Kol 

—3K,.„ 

Kc2 

0 

E 

— 3A',,, 

a;,., 

■/,„ 

K.ll 

— 3Kn„ 

Kns 

0 

F 

-3Kb, 

A'.il 

yE1 

-3KE., 

KE, 

0 

0 

K  v. 

K„., 

Kra 

KI« 

KFs 

— N, 

K  VJ 

KB2 

KCJ 

KM 

KY.t 

— ITjAj^SE 

H 

K  ... 

-3K  ,., 

JA2 

K.j 

— 3K  M 

KAS 

0 

1 

KBS 

— 3KB! 

K-1 

yB, 

K|,n 

— 3KB, 

A"B3 

0 

1 

K(.a 

— 3K, ,., 

Kla 

JCi 

Kc2 

— 3K,.3 

KC3 

0 

K 

K|« 

— 3A'n„ 

K,~> 

y„s 

KrK 

— 3K„. 

KDS 

0 

L 

KFa 

— 3KE2 

Ka2 

JK2 

— 3KE, 

A'ES 

0 

Similar 

equations  for  in 

tervening  stories 

0 

_J 

K  \Y 

KBY 

Kry 

KDT 

a'ey 

—NY 

K\Y 

KBY 

K,,Y 

KDY 

KEY 

— rrY*T+6£ 

p 

KAV 

-3KAY 

-'ay 

KaY 

-Ku 

KA7 

0 

Q 

KBy 

— 3KBV 

KaY 

JBY 

KbY 

— 3KBZ 

KBZ 

0 

R 

Kr'T 

— 3K,.Y 

K1)Y 

y,,Y 

KcY 

— 3K,.Z 

Kcz 

0 

5 

KDY 

-3K„Y 

KcY 

•'dy 

KdY 

— : 3Knz 

K'nz 

0 

T 

KEY 

-3KEY 

A"clY 

7ET 

— 3KF,Z 

KF.Z 

0 

— 

KAZ 

KBZ 

KL'Z 

KDZ 

AEZ 

—Nz 

kaz 

KBZ 

Kcz 

Knz 

A'EZ 

— TTz*z+6£ 

V 

KAZ 

— 3KAZ 

;AZ 

K»Z 

0 

w 

KBZ 

— 3KBZ 

K«z 

/BZ 

KliZ 

0 

X 

KfZ 

-3K,  ,z 

KBZ 

Jcz 

KeZ 

0 

Y 

KDZ 

— 3KDZ 

KcZ 

yDZ 

K.1Z 

0 

z 

a'ez 

— 3KEZ 

KJZ 

■'ez 

o 

General  Equations  for  an  Unsymmetrical  Five-Span  Bent 
Any  Number  or  Stories  High. 


/£ 


1 

Left  Hand  Member  of  Equation 

it_J  jl-IJ_:    i 

Story  No.  1 

Story  No.  2 

Story  No.  3 

Intervening 
Stories 

Story  No.  X 
(Second  from  Tup) 

Story  No.  Y 
(Next  to  Top) 

Story  No.  2 
(Top) 

Kl             »A1            flBl            fa            «W            8E1             fa 

S!             fa            fa            fa            fa            fa            fa 

«,      |     fa     |     fa     |     fa     |     fa     |     fa     |     fa 

*X          fat          fa;          *OX          ^DX          fa;          fa 

RY            fa           fa           fa           fa          »EY           »FV 

8Z            fa           fa            fa           fa          »EZ           fa. 

Coefficients  of  Unknown  Slopes  and  Ratios  of  Deflection  to  Story  Height 

— ,\', 

A  u 

KB1 

K01 

K,„ 

Km 

% 

| 

1 

i 

— 3KU 

fa 

K„j 

-3KAJ 

K4, 

0 

-3Km 

Kml 

fa 

KM 

-3A'„. 

Km 

0 

-3K,., 

Ai.] 

fa 

Kcl 

— 3K,, 

A'(„ 

o 

B 

-3KD1 

Ka 

fa 

Adi 

— SKp, 

K„„ 

0 

F 

-3KF, 

Kdl 

fa 

Ke! 

~3A'k! 

KK2 

0 

G 
B 

-3K„ 

A'H 

fa 

-3KW 

KF2 

0 

Ky. 

KIB 

— A'2 

KA, 

KBS 

A',.„ 

ADO 

Kt:i 

KF2 

-»'.*.-  r,L 

1 

K  v. 

— 3A'  u 

fa 

fvB2 

-"fa 

KAS 

O 

J 

Km 

— 3/v1!L, 

K.S 

fa 

KM 

— 3KM 

KB3 

0 

K 

K„ 

-3A',.„ 

Xb? 

•fa 

Kc2 

— aJtrja 

Km 

0 

I. 

Kl*t 

-3KW 

K,, 

/M 

KM 

— 3Km 

K,„ 

0 

M 

A'e* 

— aKp, 

K« 

-fa 

Ktt 

— 3Kra 

su 

O 

N' 

A"p* 

— 3/v'|,„ 

K& 

fa 

— 3K„ 

i 

A"pj 

0 

Simil 

r  eqnat 

ons  for  intervening  ,tor 

M 

K\y 

KBV 

A'rv 

fay 

KEY 

KFY 

— N1 

A~\Y 

KBY 

K,  .Y 

KD, 

AFV 

KFY 

— rrTAY^.6£ 

— 

— 

KAV 

■'fa 

/AY 

K.Y 

-3KAZ 

KAZ 

0 

KBY 

— 3K|iY 

KftY 

■fa 

KbY 

— 3A'BZ 
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bent  was  tested  and  the  measured  deflections  and  changes  in  the  slopes 
were  compared  with  the  same  quantities  calculated  by  the  above  equa- 
tions. As  the  entire  model  was  cut  from  a  sheet  of  celluloid  the  joints 
were  perfectly  rigid.  The  results  of  the  tests  are  given  in  Fig.  15. 
The  fact  that  the  measured  and  computed  deflections  and  changes  in 
the  slopes  agree  very  closely  indicates  that  the  above  analysis  is  correct. 
A  solution  of  a  numerical  problem  illustrating  the  use  of  the 
equations  in  Table  3  is  given  in  Section  VII. 

VII.       Numerical  Problem. 

13.  Determination  of  the  Stresses  in  a  Symmetrical  Three-Span 
Twenty-Story  Bent.— Fig.  5  shows  a  symmetrical  three-span  bent  twenty 
stories  high.  The  bent  resists  a  horizontal  wind  load  of  30  lb.  per  sq.  ft. 
on  a  vertical  strip  one  foot  wide.  It  is  required  to  find  the  moment  and 
the  shear  in  the  columns  and  girders  and  the  direct  stress  in  the  columns. 

The  properties  of  the  girder  and  column  sections  are  shown  in  Table 
11,  page  48.  The  equations  of  Table  3  are  applicable.  The  numerical 
values  of  the  constants  in  these  equations  are  given  in  Table  12.  Table 
13  contains  the  equations'  of  Table  3  with  the  substitution  of  the 
numerical  values  of  the  constants  given  in  Table  12.  The  figures  given 
in  the  right-hand  column  are  coefficients  of  .0001  as  indicated  at  the 
head  of  the  column;  that  is,  the  right-hand  members  of  the  equations 
are  equal  to  .0001  times  the  numbers  in  the  right-hand  column.  This 
method  of  writing  the  right-hand  members  of  the  equations  obviates  the 
necessity  of  repeating  a  large  number  of  ciphers. 

The  unknown  quantities  in  the  equations  of  Table  13  are  eliminated 
in  Table  14.  The  quantity  R±  appears  in  the  first  three  equations  of 
Table  13  only.  Dividing  each  of  these  equations  by  the  coefficient  of 
Rx  gives  the  three  equations  A,  B,  and  C  of  Table  14,  in  all  of  which 
the  coefficient  of  R1  is  equal  to  plus  unity.  Combining  these  latter 
equations  as  indicated,  that  is,  subtracting  equation  B  from  A  to  get 
equation  (A  — B)  and  subtracting  equation  C  from  B  to  get  equation 
(B  — C),  gives  two  new  equations  from  which  Rx  has  been  eliminated. 
Reducing  the  coefficients  of  the  left-hand  terms  of  equations  (A  — B) 
and  (B  — C)  to  plus  unity  gives  equations  1  and  2  of  Table  14.  Equa- 
tions D  and  E  of  Table  13  have  also  been  reduced  so  that  the  coefficients 
of  the  left-hand  term  of  each  are  equal  to  plus  unity.  They  are  re- 
written in  their  new  form  as  equations  D  and  E  in  Table  14.  Combin- 
ing the  four  equations  1,  2,  D,  and  E,  as  indicated  in  Table  14,  eliminates 
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Fig.  5.   Symmetrical  Three-Span  Bent,  Twenty  Stories   High. 
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the  left-hand  term,  0Al.  By  continuing  this  process  all  the  unknown 
quantities  are  eliminated  except  the  last,  or  6B20.  Its  value  thus 
becomes  known  and  is  found  to  be  .0338  X  .0001  radians.  With  the 
value  of  0b-2O  known,  the  value  of  0A2O  can  be  determined  from  equa- 
tion 153.  With  6B20  and  #A:>o  b°th  known,  the  value  of  R20  can  be 
determined  from  equation  150.  The  other  values  of  0  and  R  can  be 
determined  in  a  similar  manner. 

The  process  of  determining  the  values  of  0  and  It  is  given  in 
Table  15.    The  equations  used  are  taken  from  Table  14. 

As  in  Tables  13  and  14,  the  right-hand  member  is  equal  to  the 
number  in  the  column  at  the  right  multiplied  by  .0001.  To  illustrate, 
equation  150  is 

R20  -  .2702  <9A20  —  .2993  6B.20  =  .0735  X  .0001. 

The  left-hand  term  of  the  left-hand  member  of  each  equation  is 
the  unknown  which  is  to  be  determined.  The  first  line  in  each  group 
is  the  algebraic  form  of  the  equation;  and  the  successive  lines  are  the 
numerical  values  of  the  corresponding  terms.  For  example,  equation 
155   is 

#b20  =  -0338  X  .0001  or  .00000338. 

Again,  equation  153  is: 

6»A20  —  .0443  0b2O  =  -0502  X  .0001. 

From  the  preceding  equation 

.0443  0B2O  =  -°443  X  .00000338  =  .0015  X  .0001. 

The  sign  of  this  quantity  as  a  term  of  the  left-hand  member  was 
negative,  and  the  term  will,  therefore,  be  positive  after  it  has  been 
transferred. 

Equation  153  now  becomes 

<9A20  =  .0502  X  .0001  +  .0015  X  .0001  =  .0517  X  .0001, 
as  indicated  in  the  last  line  of  the  group  containing  equation  153. 
Equation  150  contains  R20,  6A20,  and  0B2O;  but  0A2O  and  ^b2o  have 
been  determined  by  equations  153  and  155,  respectively,  therefore  R20 
can  be  determined  b}^  equation  150.  Similarly,  equation  147,  contain- 
ing 0B]9  and  the  three  known  quantities,  R20,  6A20,  and  0B2o  can  oe 
used  to  determine  6Bl9.  Equation  147  differs  from  the  preceding  equa- 
tions in  that  it  contains  both  positive  and  negative  terms  in  the  left- 
hand  member.  The  second  term  of  the  left-hand  member,  being  nega- 
tive, when  transferred,  is  added  to  the  right-hand  member.  The  sum 
of  the  two  quantities  is  .0890  X  .0001.  Since  the  third  and  fourth  terms 
of  the  left-hand  member  are  positive,  their  sum,  when  transferred,  is 
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subtracted  from  the  quantity  above.  The  final  form  of  the  equation  is: 
0Bio  =  .0835  X  .0001.  In  a  similar  manner  the  other  slopes,  0,  and 
the  ratios  of  the  deflection  to  the  story  height,  E,  can  be  determined. 
6  is  expressed  in  radians,  and  R  is  an  abstract  quantity. 

The  tabulation  of  the  calculations  as  shown  in  Tables  14  and  15 
facilitates  the  solution  of  a  large  number  of  equations.  There  are  how- 
ever a  number  of  practical  considerations  which  should  be  borne  in 
mi nd  when  solving  a  problem  by  this  method. 

An  error  at  any  point  affects  all  of  the  calculations  which  follow. 
It  is  therefore  desirable  to  have  two  computers  carry  on  the  work  simul- 
taneously and  compare  results  at  frequent  intervals  in  order  to  avoid 
the  loss  of  time  due  to  errors. 

A  number  of  combinations  can  be  made  from  each  group  of  equa- 
tions. It  is  desirable  to  comjbine  the  equations  so  as  to  make  the 
coefficient  of  the  left-hand  term  of  the  left-hand  member  of  the  resulting 
equation  as  large  as  possible  compared  with  the  coefficients  of  the  other 
terms  in  the  equation.  To  illustrate  this  point,  consider  equations  25, 
26,  and  M  of  Table  14.  If  equation  M  had  been  subtracted  from  equa- 
tion 26,  the  coefficient  of  0B4  in  the  resulting  equation  would  have  been 
.1463  and  the  coefficient  of  R5  would  have  been  2.9027.  The  latter  is 
about  twenty  times  as  great  as  the  former.  Any  small  error  in  the 
actual  value  of  the  former  coefficient  would  be  a  large  percentage  of 
error.  This  same  percentage  of  error  would  be  introduced  into  the 
latter  coefficient  and  produce  a  large  actual  error.  With  the  combination 
of  equations  25  and  M  as  used,  the  coefficient  of  0B4  is  1.0695  and  of 
jR5,  3.4313.  The  latter  coefficient  is  only  about  three  times  as  large  as 
the  former  and  hence  the  effect  of  an  inaccuracy  in  the  value  of  the 
former  upon  the  latter  is  correspondingly  smaller  than  in  the  first  case. 

It  is  possible  in  some  cases  to  combine  the  equations  in  such  a  way 
as  to  give  equations  which  are  algebraically  independent,  but  which  are 
numerically  nearly  identical.  Combining  such  equations  gives  results 
which  are  likely  to  be  inaccurate.  Any  tendency  of  the  equations  to 
become  identities  can  be  avoided  by  changing  the  order  in  which  they 
are  combined. 

In  getting  the  values  of  the  remaining  unknown  quantities  after 
one  has  been  determined,  each  unknown  is  expressed  in  terms  of  the 
known  quantities.  By  referring  to  Table  14  it  is  seen  that  in  the  first 
equation  of  a  group  of  equations,  any  one  of  which  could  be  used  to  get 
the  value  of  an  unknown,  the  coefficient  of  the  quantity  which  is  to  be 
determined  is  larger  than  the  coefficients  of  the  known  quantities.     If 
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this  equation  is  used,  any  inaccuracies  in  the  known  quantities  will 
affect  the  accuracy  of  the  results  less  than  they  would  if  an  equation  had 
been  used  in  which  the  coefficient  of  the  unknown  is  less  than  the  co- 
efficient of  the  known  quantities.  The  various  equations  available  should 
be  examined  and  the  one  used  which  causes  the  least  accumulation  of 
inaccuracies. 

In  order  to  determine  the  extent  to  which  inaccuracies  in  the  cal- 
culations accumulate,  two  independent  sets  of  calculations  were  made; 
one  set  was  made  on  a  20-inch  slide  rule  and  the  other  on  a  Fuller's 
cylindrical  slide  rule.  The  two  sets  of  calculations  were  compared  at 
frequent  intervals,  and  mistakes  were  corrected;  but  no  adjustment  of 
inaccuracies  was  made.  The  maximum  variation  in  the  slopes  and 
deflections  as  determined  in  the  two  sets  of  calculations  was  very  small. 
This  indicates  that  the  calculations  can  be  made  with  a  slide  rule  without 
greater  inaccuracies  than  are  permissible. 

The  moments  at  the  ends  of  the  columns  and  girders  can  be  deter- 
mined by  substituting  the  values  of  the  deflections  and  the  slopes,  given 
in  Table  15,  in  equations  A  and  B  of  Section  V.  To  facilitate  this  work, 
the  quantities  which  occur  in  these  equations  are  given  in  Tables  16 
and  17.  The  values  of  R  and  6  taken  from  Table  15  are  given  in  the 
second,  third,  and  fourth  columns  of  Table  16;  and  the  functions  of 
the  values  of  R  and  6  which  occur  in  the  equations  are  given  in  the 
remaining  columns  of  the  same  table.  The  values  of  K  taken  from 
Table  12  are  given  in  the  second,  third,  fourth,  and  fifth  columns  of 
Table  17;  and  the  functions  of  the  values  of  K  which  occur  in  the 
equations  are  given  in  the  remaining  columns  of  the  table.  The  moments 
at  the  ends  of  the  columns  and  girders  given  by  the  fundamental  equa- 
tion, MAB  =  2EK  (20A  +  0b  —  3R),  are  the  products  of  two  factors, 
one  of  which  is  given  in  Table  16  and  the  other  in  Table  17.  The 
values  of  the  moments  are  given  in  Table  18. 

The  shear  in  any  member  is  equal  to  the  algebraic  sum  of  the 
moments  at  the  two  ends  of  the  member  divided  by  its  length.  The 
direct  stress  at  any  section  in  column  A  is  equal  to  the  algebraic  sum 
of  the  shears  in  the  girders  in  bay  a  above  the  section.  The  direct  stress 
at  any  section  in  column  B  is  equal  to  the  algebraic  sum  of  the  shears 
in  the  girders  in  bay  a  plus  the  algebraic  sum  of  the  shears  in  the 
girders  in  bay  b  above  the  section.  The  shears  in  the  columns  and 
girders  and  the  direct  stresses  in  the  columns  are  given  in  Table  19. 

The  sum  of  all  of  the  moments  at  the  top  and  the  bottom  of  all 
the  columns  in  a  story  is  equal  to  the  total  shear  on  the  story  multiplied 
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bv  the  story  height.  The  algebraic  sum  of  the  moments  in  the  girders 
on  the  two  sides  of  a  column  is  equal  to  the  algebraic  sum  of  the  moments 
in  the  columns  on  the  two  sides  of  the  girder. 

The  total  shear  on  a  story  multiplied  by  the  story  height  and  the 
algebraic  sum  of  all  of  the  moments  at  the  top  and  the  bottom  of  all 
columns  of  a  story,  as  given  in  Table  18,  are  given  in  the  second  and 
third  columns  of  Table  20.  The  algebraic  sum  of  the  moments  in 
column  A  at  sections  immediately  above  and  below  the  girders  and  the 
moments  in  the  girders  in  bay  a  at  sections  adjacent  to  column  A,  are 
given  in  the  fourth  and  fifth  columns  of  Table  20.  The  algebraic  sum 
of  the  moments  in  column  B  at  sections  immediately  above  and  below 
the  girders  and  the  algebraic  sum  of  the  moments  in  the  girders  in  bays 
a  and  b  at  sections  adjacent  to  column  B,  are  given  in  the  sixth  and 
seventh  columns  of  Table  20.  The  accuracy  of  the  computations  can 
be  checked  by  comparing  the  two  values  for  the  same  quantity  as  given 
in  adjacent  columns  of  Table  20.  To  illustrate,  for  the  sixth  story,  the 
total  shear  in  the  story  multiplied  by  the  story  height  is  913,000  inch- 
pounds,  and  the  sunn  of  the  moments  at  the  tops  and  bottoms  of  all 
columns  in  the  story  is  914,400  inch-pounds.  For  a  perfect  check,  the 
two  quantities  would  be  equal.  An  inspection  of  the  table  shows  that 
the  values  check  very  closely. 

The  moments  given  in  Table  18  are  due  to  a  horizontal  wind  load 
of  30  lbs.  per  sq.  ft.  acting  on  a  vertical  strip  one  foot  wide.  To  obtain 
the  moments  due  to  the  wind  load  on  any  portion  of  the  building,  multi- 
ply the  moments  in  Table  18  by  the  width  in  feet  of  the  portion  of  the 
building  on  which  the  wind  load  acts. 

VIII.     Approximate  Methods. 

14.  Nomenclature  of  Methods.— -The  method  used  in  Section  VII 
to  determine  the  stresses  in  a  symmetrical  three-span  twenty-story  bent 
can  be  used  in  the  actual  design  of  a  building,  but  a  shorter  method  is 
desirable.  The  writers  propose  an  approximate  method  which  is  much 
shorter  than  the  method  used  in  Section  VII  and  which  they  believe 
is  sufficiently  accurate  to  be  used  in  the  actual  design  of  buildings.  For 
the  sake  of  convenience  in  reference,  this  approximate  method  will  be 
designated  as  the  "Proposed  Approximate  Method"  as  distinguished 
from  the  method  used  in  Section  VII,  which  will  be  designated  as  the 
"Slope-Deflection  Method."  The  slope-deflection  method  can  be  modi- 
fied to  advantage  under  certain  special  conditions.     Such  modifications 
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will  be  designated  as  "Modifications  of  the  Slope-Deflection  Method." 

15.  Proposed  Approximate  Method. — The  proposed  approximate 
method  is  based  upon  the  following  assumptions  in  addition  to  those 
used  in  the  slope-deflection  method. 

1.  The  changes  in  the  slope  at  the  top  of  a  column  in  the  story 
above  and  in  the  story  below  the  one  in  which  the  stresses  are  to  be 
determined,  are  equal  to  the  change  in  the  slope  at  the  top  of  the  corre- 
sponding column  in  the  latter  story. 

8.  The  ratio  of  the  deflection  to  the  length  of  the  columns  in  the 
story  above  the  one  in  which  the  stresses  are  to  be  determined,  is  equal 
to  the  ratio  of  the  deflection  to  the  length  of  the  columns  in  the  latter 
story. 

In  other  words,  in  determining  the  stresses  in  the  second 
story,  0Al  and  0A:i  are  assumed  to  be  equal  to  6A2;  0Bl  and  BB3  are  as- 
sumed to  be  equal  to  6B2 ',  and  R,  is  assumed  to  be  equal  to  B2.  Also, 
in  figuring  the  stresses  in  the  third  story  6A.2  and  0Ai  are  assumed  to 
be  equal  to  6A3;  0B2  and  6Bi  are  assumed  to  be  equal  to  0B3;  and  i?4 
is  assumed  to  be  equal  to  R3.  This  does  not  mean,  however,  that  the 
values  of  6A2,  0B.2,  and  R2  used  in  determining  the  stresses  in  the  sec- 
ond story  are  equal  to  the  values  of  6A3,  6B.3,  and  R3  respectively,  used 
in  determining  the  stresses  in  the  third  story. 

An  examination  of  the  equations  in  Table  3  shows  that,  if  assump- 
tions 1  and  2  were  true,  three  equations  containing  only  three  unknown 
quantities  could  be  written  for  each  story  of  the  bent.  To  illustrate, 
consider  the  equations  for  the  second  story.  In  accordance  with  assump- 
tions 1  and  2, 

$Ai  =  VA-2  =  ^Aa 

0Bl  =  6B.2  =  6B3 
R,  =  R3 
Substituting   6A2   for   0Al   and    0A3,    0B2    for    6Bl    and    6B3,    and    R2 
for  R3  in  equations  D,  E,  and  F  of  Table  3  gives : 

-N2R2  +  4KA2  6A2  +  ±KB26B2    =  -  -^A   (1) 

-  3  (KA2  +  KA3)  R2  +  (KA2  +  JA2  +  KA3)  0A2  +  K&20B2  =  0 (2) 

-  3  (KB2  +  KB3)  R2  +  K&2bA2  +  (KB2  +  JB2  +  Kh2  +  KB3)  0B2  =  0 .  .  (3) 
These  equations  have  been  written  for  the  second  story.  Similar  equa- 
tions can  be  written  for  any  other  story  by  making  the  proper  changes 
in  the  subscripts. 

Equations  1,  2,  and  3,  obtained  from  the  equations  in  Table  3,  can 
be  used  in  determining  the  stresses  in  a  symmetrical  three-span  bent 
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anv  number  of  stories  high.  If  similar  changes  are  made  in  the  equa- 
tions of  Tables  1  to  10  inclusive,  groups  of  equations  can  be  obtained, 
one  for  each  bent,  which  can  be  used  to  determine  the  stresses  in  any 
story  of  symmetrical  bents  of  from  one  to  five  spans  and  also  of  unsym- 
metrical  bents  of  from  one  to  five  spans. 

The  sum  of  the  moments  at  the  tops  and  bottoms  of  all  columns  of  a 
story  is  equal  to  the  total  shear  in  the  story  multiplied  by  the  story 
height.  The  distribution  of  this  moment  to  the  ends  of  the  columns 
depends  upon :  first,  the  ratio  of  the  E  of  column  A  to  the  E  of  column 
B  ;  second,  the  ratio  of  the  E  of  column  A  to  the  E  of  girder  a;  and  third, 
the  ratio  of  the  E  of  girder  a  to  the  E  of  girder  b. 

The  distribution  of  the  moment  was  determined  in  a  number  of 
bents  for  which  the  ratios  of  the  E  of  column  A  to  the  E  of  column  B, 
the  E  of  column  A  to  the  E  of  girder  a,  and  the  E  of  girder  a  to  the  E 
of  girder  b  had  different  values.  Diagrams  showing  the  distribution  of 
the  moment  in  these  bents  also  give  the  distribution  of  the  moment  in 
other  bents.  The  curves  in  Figs.  6,  7,  and  8  show  the  distribution  of 
the  moment  in  symmetrical  three-span  bents.  In  Fig.  6,  the  curves  in 
group  I  show  the  moment  at  the  top  and  the  bottom  of  column  A  in 
bents  in  which  the  E  of  column  A  and  the  E  of  column  B  are  equal. 
The  abscissae  represent  the  ratios  of  the  E  of  girder  a  to  the  E  of  girder 
b ;  and  the  ordinates  represent  the  moment  at  the  top  and  the  bottom  of 
column  A  in  per  cent  of  W  X  h.  Beginning  at  the  top  and  reading  down, 
the  curves  are  for  bents  for  which  the  ratio  of  the  E  ofN  column  A  to 
the  E  of  girder  a  equals  0.5,  1,  2,  and  4  respectively.  The  moment  in 
column  A  of  a  bent  for  which  the  ratio  of  the  E  of  column  A  to  the  E 
of  girder  a  has  any  intermediate  value  can  be  determined  by  interpola- 
tion. 

The  curves  in  groups  II,  III,  IV,  and  V,  of  Fig.  6,  when  used 
with  the  curves  in  group  I,  give  the  moment  at  the  top  and  the  bottom 
of  column  A  in  bents  in  which  the  E  of  column  A  and  the  E  of  column 
B  are  not  equal.  The  curves  in  groups  II,  III,  IV,  and  V  are  for  bents 
for  which  the  ratio  of  the  E  for  column  A  to  the  E  for  girder  a  equals 
4,  2,  1,  and  0.5,  respectively.  Beginning  at  the  left  of  each  group  and 
reading  to  the  right,  the  curves  are  for  bents  for  which  the  ratio  of 
the  E  for  column  A  to  the  E  for  column  B  equals  0.5,  1,  and  2,  re- 
spectively. 

The  moment  at  the  top  and  the  bottom  of  column  A  can  be  ob- 
tained from  the  diagram  in  Fig.  6  in  the  following  manner: 

First  consider  the  moment  in  a  bent  in  which  the  E  of  column  A  is 
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Fig.  7.    Approximate  Moment  at  the  Top  and  the  Bottom  up  Column   B. 
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Fin.  8.  Approximate  Moment  at  the  Ends  of  Girder  b. 
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K&  KA 

equal  to  the  K  of  column  B.    Determine  the  value  oi——-  and  of  -g—. 

Use  the  curves  in  group  I.    Trace  a  vertical  line  whose  abscissa  equals 

-^-  until  it  intersects  the  curve  corresponding  to  the  value  of  —rr~. 
Kb  Aa 

Project  the  point  of  intersection  horizontally  to  the  left  and  read  the  mo- 
ment in  per  cent  of  WXh  from  the  vertical  scale.  As  TV  and  h  are 
known  quantities  the  moment  is  determined. 

Next  consider  the  moment  in  a  bent  in  which  the  K  of  column  A 

and  the  K  of  column  B  are  not  equal.    Determine  the  value  of  ~ip~>— jt~, 

and  -vA.    First  use  the  curves  of  group  I.    Trace  a  vertical  line  whose 

abscissa  equals  -^-  until  it  intersects  the  curve  corresponding  to  the  value 
■Kb 

of  -j^-.  Project  the  point  of  intersection  horizontally  to  the  right  to  the 
group  of  curves  corresponding  to  the  value  of  —=-  until  it  intersects  the 

particular  curve  of  this  group  corresponding  to  the  value  of -77—.    Project 

this  intersection  point  vertically  downward  and  read  the  moment  in  per 
cent  of  TV  X  h  from  the  horizontal  scale. 

Similarly,  the  moments  at  the  top  and  the  bottom  of  column  B 
can  be  obtained  from  Fig.  7,  and  the  moment  at  the  end  of  girder  b 
can  be  obtained  from  Fig.  8.  It  should  be  noted,  however,  that  the  moment 
in  girder  b  depends  equally  upon  the  TV  X  h  in  the  story  above  and  in 
the  story  below  the  girder.  This  being  true,  in  getting  the  moment  in 
girder  b,  the  average  of  the  TV  X  h  for  the  two  stories  should  be  used. 

The  moment  at  the  right  end  of  girder  a  balances  the  sum  of  the 
moments  in  column  A  just  above  and  below  the  girder  and  is  equal  to 
their  algebraic  sum.  The  moment  at  the  left  end  of  girder  a  balances 
the  sum  of  the  moments  at  the  right  end  of  girder  b  together  with  the 
moments  in  column  B  just  above  and  below  girder  a  and  is  equal  to 
their  algebraic  sum.  It  is  therefore  possible  to  obtain  the  moment  at 
the  ends  of  all  members  in  a  bent  from  the  curves  in  Figs.  6,  7,  and  8, 
subject,  of  course,  to  the  error  due  to  the  use  of  assumptions  1  and  2 
of  this  Section. 

The  curves  in  Figs.  6,  7*,  and  8  show  that  a  large  change  in  the 
ratio  of  the  K  of  one  member  to  the  K  of  another  member  causes  a 
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relatively  small  change  in  the  distribution  of  the  moments  in  the  bent. 

16.  Numerical  Problem— -To  illustrate  the  use  of  these  curves  the 
solution  of  a  problem  is  presented. 

The  seventh  story  of  a  symmetrical  three-span  bent  is  20  ft.  high, 
and  is  subjected  to  a  shear  of  3,000  lbs.  The  eighth  story  of  the  same 
bent  is  20  ft.  high,  and  is  subjected  to  a  shear  of  2,500  lbs.  The  prop- 
erties of  the  members  in  the  seventh  and  eighth  stories  are  as  follows: 

KA  =  30  in.3;  ZB  =  40in.3;  K&  =  20  in.3;  and  Kh  =  16  in.3.  It 
is  required  to  find  the  moments  at  the  ends  of  all  members  in  the  sev- 
enth story. 

W  X  h  =  3,000  X  20  X  12  =  720,000    in.    lb.    in   the   seventh    story. 

W  :  =  2,500  X  20  X  12  =  600,000    in.    lb.    in   the     eighth   story. 

=  .75 
=   1.5 

Kb  16     =L25 

To  get  the  moment  in  column  A  use  Fig.  6.  At  the  left  of  the 
figure  trace  the  ordinate  whose  abscissa  is  1.25  to  a  point  half  way  be- 
tween the  two  middle  curves   (——=1.5,  which  is  half  way  between  1 

Ka 

and  2),  and  project  this  point  horizontally  to  a  point  half  way  (~~  = 

.75,  which  is  half  way  between  .5  and  1.0)  between  the  two  left-hand 
curves  of  Group  II,  and  also  to  a  point  half  way  between  the  two  left- 
hand  curves  of  Group  III.     The  abscissa  of  the  former  point  is  9.35  per 

cent,  and  of  the  latter  point  9.15  per  cent.    As  —A- is  equal  to  1.5  or  the 

average  of  1  and  2,  the  moment  at  the  top  and  the  bottom  of  column  A  in 
the  seventh  story,  MA7,  is  the  average  of  9.35  per  cent  and  9.15  per  cent  or 
9.25  per  cent  of  W  X  li,  that  is,  MAl  =  .0925  X  720,000  =  66,700  in.  lb. 
The  moment,  MAg,  at  the  top  and  the  bottom  of  column  A  in  the  eighth 
story  is  .0925  X  600,000,  or  MA8  =  55,500  in.  lb.  Similarly,  the  moment 
at  the  top  and  bottom  of  column  B,  M&7,  is  15.75  per  cent  of  W  X  h,  that 
is,  MB.  =  .1575  X  720,000  =  113,500  in.  lb.  in  the  seventh  story;  and 
MB8  =  .1575  X  600,000  =  94,400  in.  lb.  in  the  eighth  story.  The  moment 
Mbl,  at  the  end  of  girder  b  at  the  top  of  the  seventh  story  is  13.85  per  cent 
of  W  X  h,  that  is, 
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Fig.  9.      Moments  Acting  at   Points  A8  and  B8  of  a   Symmetrical  Three- 
Span  Bent. 
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The  moment  at  the  right  end  of  girder  a  at  the  top  of  the  seventh  story 
is  equal  to  the  sum  of  66,700  in.  lb.,  the  moment  at  the  top  of  column 
A  in  the  seventh  story,  and  55,500  in.  lb.,  the  moment  at  the  bottom 
of  column  A  in  the  eighth  story,  or  122,200  in.  lb.  (see  Fig.  9b).  The 
moment  at  the  left  end  of  girder  a  is  equal  to  the  sum  of  113,500  in. 
lb.,  the  moment  at  the  top  of  column  B  in  the  seventh  story,  and  94,400 
in.  lb.,  the  moment  at  the  bottom  of  column  B  in  the  eighth  story,  less 
91,500  in.  lb.,  the  moment  in  the  end  of  girder  b;  that  is,  the  moment 
at  the  left  end  of  girder  a  is  116,400  in.  lb.  (see  Fig.  9a). 

A  comparison  of  the  moments  in  a  bent  as  obtained  by  the  pro- 
posed approximate  method  and  by  the  slope-deflection  method  is  given 
in  Tables  23  to  26  inclusive. 

17.  Modifications  of  the  Slope-Deflection  Method.— The  writers 
made  a  study  to  determine  the  effect  of  a  change  in  the  section  of  one 
member  of  a  bent  upon  the  moment  in  the  other  members.  The  mo- 
ments were  determined  in  a  number  of  bents  in  which  K  =  1  for  all 
members  except  the  one  whose  effect  upon  the  distribution  of  the  mo- 


117/ 


ment  was  to  be  studied.     The  quantity  —-^  was  taken  equal  to  1  for 


all 


stories  and  for  all  bents.  The  K  of  column  B  was  given  successively 
the  values  0.5,  1,  2,  and  4;  and  the  corresponding  moment  at  the  ends 
of  columns  A  and  B  and  at  the  ends  of  girders  a  and  b  was  calculated 
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Change  in  the  Moment  at  the  Top  or  the  Bottom  of  Column  A  tn  Jtorc/ 
No.  N  in  percent  of  the  Moment  at  the  Same  Point  when  for  all  Members,  K=l. 

10.    Diagram   Showing  Change  in  the  Moment  at  the  Top  and  the 
Bottom  of  Column  A  of  a  Symmetrical  Three-Span  Bent  Due 
to  a  Change  of  K  in  the  Other  Members. 


Key  to  the  Diagram  in  Fig.  10. 
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Bottom  .of  Column  B  of  a  Symmetrical  Three-Span  Bent 
Due  to  a  Change  of  K  in  the  Other  Members. 


Key  to  the  Diagram  in  Fig.  11. 
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Key  to  the  Diagram  in  Fig.  12. 
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in  the  story  in  which  the  K  of  column  B  was  changed,  and  also  in  the 
stories  immediately  above  and  below  that  story.  Similarly,  the  K  of 
column  A,  the  K  of  girder  a  and  the  K  of  girder  b  were  given  successively 
the  values  0.5,  1,  2,  and  4,  and  the  corresponding  values  of  the  moment 
at  the  ends  of  the  girders  and  the  columns  were  determined  in  the  par- 
ticular story  and  also  in  the  stories  immediately  above  and  below  that 
story.  The  effect  of  the  changes  in  the  values  of  the  K  of  the  members 
upon  the  moment  is  given  in  Figs.  10,  11,  and  12. 

Fig.  10  shows  the  changes  in  the  moment  at  the  top  and  the  bottom 
of  column  A.  The  abscissae  are  changes  in  the  moment  expressed  in 
per  cent  of  the  moment  in  a  bent  for  which  the  K  of  all  members  is 
equal  to  1.  Increases  in  the  moment  are  laid  off  to  the  right  of  the 
origin,  and  decreases  are  laid  off  to  the  left.  The  ordinates  represent 
the  values  of  the  K  in  the  member  changed.  The  story  in  which  the 
moment  was  calculated  is  designated  as  story  No.  N,  the  story  above  is 
designated  as  story  No.  (N  +  1),  and  the  story  below  No.  (N  —  1).  Each 
curve  shows  the  change  in  the  moment  at  the  top  or  the  bottom  of 
column  A  due  to  a  change  in  the  value  of  the  K  of  some  member.  The 
number  of  the  curve  which  shows  the  change  in  the  moment  in  column 
A  due  to  a  change  in  the  K  of  any  particular  member  can  be  obtained 
from  the  key  to  the  diagram  in  Fig.  10.  For  example,  curve  No.  3  shows 
the  change  in  the  moment  at  the  top  of  column  A  due  to  a  change  in  the 
K  of  girder  b  in  story  No.  N.  If  the  K  of  girder  b  is  made  equal  to  2, 
the  moment  at  the  top  of  column  A  is  8.9  per  cent  less  than  when  the  K 
of  girder  b  is  equal  to  1.  Curve  No.  3  also  shows  the  change  in  the  mo- 
ment at  the  bottom  of  column  A  due  to  a  change  in  the  K  of  girder  b  in 
story  No.  (N  —  1) .  If  the  K  for  girder  b  in  story  No.  (N  —  1)  is  equal 
to  2,  the  moment  at  the  bottom  of  column  A  is  8.9  per  cent  less  than  when 
the  K  for  girder  b  is  equal  to  1. 

Similarly,  the  changes  in  the  moment  in  column  B  due  to  changes 
in  the  K  of  the  members  of  the  bent  are  given  in  Fig.  11  and  the 
changes  in  the  moment  in  girder  b  are  given  in  Fig.  12. 

Fig.  10  shows  that  the  moment  in  column  A  of  any  story  not  only 
depends  upon  the  value  of  the  K  of  the  members  in  the  same  story  but 
depends  also  upon  the  value  of  the  K  of  the  members  in  the  adjacent 
stories.  Figs.  11  and  12  show  that  the  same  statement  is  true  relative 
to  the  moment  in  column  B  and  girder  b.  This  being  true,  any  approxi- 
mate method  which  considers  only  the  members  in  the  story  in  which 
the  stresses  are  to  be  determined  can  not  give  accurate  results  except 
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in  bents  which  have  no  very  sudden  changes  in  the  sections  of  the 
columns  and  girders. 

Where  there  are  sudden  changes  in  the  column  and  girder  sections, 
the  proposed  approximate  method  is  not  accurate.  In  such  cases  it  is 
sometimes  possible  to  use  a  modification  of  the  slope-deflection  method 
and  obtain  quite  accurate  results  with  a  comparatively  small  expendi- 
ture of  labor.  This  modification  of  the  slope-deflection  method  may  be 
made  in  either  of  two  ways,  as  follows:  (a),  the  bent  may  be  divided 
by  a  horizontal  plane  between  any  two  adjacent  floors,  and  the 
lower  part  be  treated  independently  of  the  upper  part;  or  (b),  the 
bent  may  be  divided  by  two  horizontal  planes  any  number  of  stories 
apart,  and  the  portion  between  these  planes  may  be  treated  independent- 
ly of  the  other  portions  of  the  building.  These  modifications  will  be 
considered  in  detail. 

(a)  The  wind  stresses  in  the  top  stories  of  a  bent  are  com- 
paratively small  and  their  exact  determination  is  not  important.  An 
examination  of  the  equations  of  Table  15  shows  that  the  coefficient  of 
the  quantity  to  be  determined  is  greater  than  the  coefficients  of  the 
quantities  in  which  the  unknown  is  expressed.  This  being  true,  errors 
in  the  slopes  and  the  deflection  of  one  story  have  but  little  effect  upon 
the  slopes  and  deflections  of  the  succeeding  stories.  Further  examina- 
tion of  the  same  table  shows  that  there  is  a  comparatively  small  differ- 
ence between  the  change  in  the  slope  at  the  top  of  a  column  in  one 
story  and  the  change  in  the  slope  at  the  top  of  the  same  column  in  the 
story  below.  If  the  two  changes  in  slope  are  assumed  to  be  equal,  the 
error  introduced  is  small.  Bearing  these  facts  in  mind,  consider  again 
the  twenty-story  bent  of  Section  VII.  If  6Kl2  and  6Bl2  are  assumed 
equal  to  0All  and  6Bll  respectively  in  equations  f,  g,  and  h  of  Table 
13,  the  first  34  equations  will  contain  34  unknown  quantities  which 
can  be  determined  by  the  method  used  in  Tables  14  and  15.  That  is, 
assuming  that  the  changes  in  the  slopes  of  the  columns  in  one  story 
are  equal  to  the  changes  in  the  slopes  of  the  same  columns  in  the  story 
below,  is  equivalent  to  dividing  the  bent  into  two  parts;  and  the 
equations  for  the  lower  part  can  be  solved  independently  of  those  of 
the  upper  part.  If  the  slopes  which  are  assumed  equal  are  not  really 
equal,  the  calculated  slopes  and  deflections  in  the  top  story  of  the  lower 
part  will  not  be  exact,  but  the  results  of  a  number  of  calculations  show 
that  the  error  in  the  slopes  and  the  deflection  in  the  next  to  the  top 
story  is  so  small  that  it  may  be  neglected.  This  being  true,  if,  in  the 
actual    design   of   the   twenty-story   bent    of    Section    VII,    it    is    con- 
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sidered  unnecessary  to  calculate  the  wind  stresses  in  the  top  ten  stories, 
the  bottom  eleven  stories  may  be  treated  as  a  complete  bent  and 
the  stresses  determined  by  the  method  outlined  above,  thereby  decreasing 
the  work.  The  stresses  in  the  bottom  ten  stories  will  be  quite  exact. 
The  bent  could  have  been  divided  at  any  other  story  without  affect- 
ing the  accuracy  of  the  results. 

If  there  are  sudden  changes  in  the  members  the  bent  can  be  divided 
above  the  story  in  which  the  change  occurs,  and  the  stresses  in  the  lower 
part  can  be  determined  by  the  method  outlined  above. 

Table  23  shows  that  the  largest  errors  in  the  proposed  approximate 
method  are  in  the  first  story.  The  moments  can  be  determined  in  the 
first  story  by  the  modification  of  the  slope-deflection  method  as  follows: 

Assume  that  the  slopes  in  the  third  story  are  equal  to  the  corre- 
sponding slopes  in  the  second  story.  The  first  seven  equations  of 
Table  13  will  then  contain  ouly  seven  unknown  quantities.  The  solu- 
tion of  these  equations  is  given  in  Tables  21  and  22.  The  changes  in 
the  slopes  and  the  deflection  for  the  first  story  as  given  in  Table  22 
agree  very  closely  with  the  values  for  the  same  quantities  given  in  Table 
15,  and  the  moments,  being  functions  of  the  slopes  and  deflection,  will 
also  agree  very  closely  with  the  moments  given  in  Table  18. 

(b)  The  moments  in  any  particular  story  may  be  determined  if 
there  is  some  story  below  the  one  in  question  in  which  it  can  be  seen 
by  inspection  that  the  changes  in  the  slopes  at  the  tops  and  the  bottoms 
of  the  columns  are  equal.  Suppose  the  moments  are  to  be  determined 
in  the  tenth  story  of  the  bent  shown  in  Fig.  5,  and  that  it  is  apparent 
from  inspection  that  6As  —  #a9j  and  6Bs  —  #b9.  Then  assume  that 
#Ai2 =  #An,  and  #Bi2  —  #bii.  The  ten  equations,  Y  to  h  inclusive 
of  Table  13,  will  contain  ten  unknown  quantities.  If  the  slopes  in 
the  eighth  and  ninth  stories,  which  have  been  assumed  to  be  equal,  are 
equal  then  the  slopes  and  the  deflection,  and  therefore  also  the  moments, 
in  the  tenth  story  will  be  quite  accurate,  but  if  the  slopes  below  the 
story  in  question  which  are  assumed  to  be  equal,  are  not  really  equal, 
the  required  moments  will  not  be  exact.  That  is,  a  difference  between 
the  slopes  below  the  story  in  question  affects  the  results,  whereas  a  differ- 
ence between  the  slopes  above  the  story  does  not  materially  affect  the 
results. 

18.  Application  of  the  Proposed  Approximate  Method  and  Modifi- 
cation of  the  Slope-Deflection  Method. — To  obtain  the  moment  in  a  bent 
in  which  there  are  sudden  changes  in  the  sections,  the  following  com- 
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biuation  of  methods  can  sometimes  be  used  to  advantage.  Use  the'  pro- 
posed approximate  method  for  obtaining  the  moment  in  the  portion  of 
the  bent  in  which  there  are  no  sudden  changes  in  the  sections  of  the 
members.  Use  a  modification  of  the  slope-deflection  method  to  get  the 
moments  in  the  bottom  story  and  in  any  intermediate  stories  in  which 
sudden  changes  in  the  members  occur.  The  results  thus  obtained  will 
be  sufficiently  accurate  to  be  used  in  the  actual  designs  of  buildings,  and 
the  amount  of  work  required  will  not  be  excessive. 

IX.     Comparison  of  the  Approximate  Methods  With  the  Slope- 

Deflection  Method. 

19.  Symmetrical  Three-Span  Bent  with  Short  Middle  Span.—¥oi 
comparison,  the  moments  in  the  symmetrical  three-span  twenty-story 
bent  shown  in  Fig.  5  were  calculated  by  the  five  following  methods : 

1.  The  slope-deflection  method. 

2.  The  proposed  approximate  method. 

3.  The  three  methods  described  by  Mr.  Fleming  and  known  as 
methods  I,  II,  and  III. 

The  moments  as  determined  by  these  methods  are  given  in  Tables 
23  and  24.  For  each  story  the  moments  in  the  upper  line  are  in  1,000 
in.  lb.,  and  those  in  the  lower  line  are  in  per  cent  of  the  moments  as 
determined  by  the  slope-deflection  method.  Tables  23  and  24  show  in 
the  case  of  this  bent :  first,  that  the  moments  determined  by  methods  1 1 
and  III  are  very  seriously  in  error;  second,  that  the  moment  determined 
by  method  I  and  by  the  proposed  approximate  method  agree  very  closely 
with  the  moment  determined  by  the  slope-deflection  method  except  at 
points  where  there  are  sudden  changes  in  the  members  of  the  bent; 
third,  that  the  errors  in  the  moment  determined  by  the  proposed  ap- 
proximate method  are  less  for  the  girders  than  for  the  columns. 

20.  Symmetrical  Three-Span  Bent  with  Long  Middle  Span.— The 
distribution  of  the  moment  determined  by  the  slope-deflection  method 
is  affected  by  the  ratio  of  the  K  of  girder  a  to  the  K  of  girder  b.  As 
this  ratio  does  not  affect  the  distribution  of  the  moment  determined  by 
methods  I,  II,  and  III,  the  accuracy  of  the  latter  methods  will  depend 
upon  the  relative  values  of  K  for  the  two  girders. 

In  the  bent  shown  in  Fig.  5,  the  K  is  less  for  girder  a  than 
for  girder  b,  since  the  girders  have  substantially  the  same  sections  and 
girder  a  is  longer  than  girder  b.  In  order  to  determine  the  effect  of 
the  relative  values  of  the  K  of  girders  a  and  b  upon  the  accuracy  of 
the  approximate  methods,  the  moment  in  the  bottom  four  stories  of  the 
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bent  shown  in  Fig.  13,  a  bent  like  the  one  shown  in  Fig.  5  ex- 
cept that  the  long  and  short  spans  have  been  interchanged,  was  deter- 
mined by  each  of  the  five  methods  mentioned  in  article  19.  The  results 
are  given  in  Tables  25  and  26.  The  moments  determined  by  the  pro- 
posed approximate  method  are  as  accurate  as  those  given  in  Tables  23 
and  24;  whereas  the  moments  determined  by  method  I  are  inaccurate, 
and  those  determined  by  methods  II  and  III  are  very  inaccurate. 

21.  Effect  of  the  Proportions  of  a  Bent  upon  the  Accuracy  of 
Method  7.— In  order  to  determine  more  fully  the  effect  of  the  propor- 
tions of  a  bent  upon  the  accuracy  of  method  I,  the  moments  were  deter- 
mined in  a  number  of  bents  having  different  proportions,  by  the  slope- 
deflection  method  and  by  method  I.  These  moments  are  given  in 
Table  27. 

In  bents  1  to  9  of  this  table  all  girders  and  columns  have  the 
same  section.  The  ratio  of  the  moment  of  inertia  of  the  columns  to  the 
moment  of  inertia  of  the  girders  and  also  the  ratio  of  the  moment  of 
inertia  of  the  girder  in  bay  a  to  the  moment  of  inertia  of  the  girder  in 
bay  o,  affects  the  moment  determined  by  the  slope-deflection  method 
but  does  not  affect  the  moment  as  determined  by  method  I.  If  the 
sections  of  the  columns  and  girders  are  not  the  same,  the  difference 
between  the  moments  determined  by  the  two  methods  might  vary  even 
more  than  Table  27  indicates.  Any  errors  in  the  moment  due  to  sudden 
changes  in  the  sections  of  the  bent  are  in  addition  to  the  errors  indicated 
in  Table  27. 

The  difference  between  the  two  methods  is  due  to  the  fact  that  in 
method  I  the  direct  unit  stress  in  a  column  is  proportional  to  the  dis- 
tance of  the  column  from  the  neutral  axis  of  the  bent;  whereas  in  the 
slope-deflection  method  the  stress  in  a  column  depends  upon  the  shears 
in  the  girders,  and  the  shears  in  the  girders  depend  upon  the  changes 
in  the  slopes  at  the  ends  of  the  girders  and  upon  the  moment  of  inertia 
of  the  girder  sections. 

22.  Accuracy  of  the  Approximate  Methods  when  the  Moment  of 
Inertia  of  the  Girders  is  Proportional  to  the  Bending  Moment. — In  the 
comparison  of  the  approximate  methods  with  the  slope-deflection  method 
given  in  Tables  23  to  27,  the  sections  of  the  girders  were  chosen  with- 
out reference  to  the  moment  to  which  they  were  subjected,  except  the 
girders  in  the  bent  shown  in  Fig.  5.  The  girders  in  this  bent  were 
designed  to  resist  the  bending  moment  determined  by  method  I.  An- 
other investigation  was  made  to  determine  the  accuracy  of  the  approxi- 
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mate  methods  when  applied  to  bents  in  which  the  girders  were  designed 
to  resist  the  bending  moment  due  to  the  wind  load  as  determined  by  the 
method  which  is  to  be  compared  with  the  slope-deflection  method.  The 
results  of  this  investigation  are  given  in  Tables  28  to  31.  In  Table  28 
the  moments  of  inertia  of  the  sections  of  the  girders  are  proportional 
to  the  bending  moments  determined  by  method  I.  The  sections  of  the 
columns  are  equal,  and  the  moment  of  inertia  of  the  sections  of  the 
columns  is  equal  to  the  moment  of  inertia  of  the  section  of  girder  a. 
Table  28  shows  that  method  I  gives  the  moment  in  the  columns  and 
girders  quite  accurately  when  the  spans  are  equal  and  the  story  height 
does  not  exceed  the  length  of  the  span.  This  statement  is  true,  in  gen- 
eral, only  when  the  two  column  sections  are  equal  and  when  the  moments 
of  inertia  of  the  sections  of  column  A  and  girder  a  are  equal. 

In  considering  the  merits  of  the  approximate  methods,  it  should 
be  noted  that  the  moment  which  should  be  determined  with  the  greatest 
accuracy  is  the  moment  to  which  the  joint  that  connects  the  girder  to 
the  column  is  subjected.  This  moment  is  the  moment  at  the  ends  of  the 
girders.  If  the  moments  of  inertia  of  the  sections  are  not  made  propor- 
tional to  the  bending  moment  determined  by  method  I,  the  method  will 
not  be  as  accurate  as  Table  28  indicates. 

The  moments  of  inertia  of  the  girder  sections  of  Table  29  are 
proportional  to  the  bending  moments  in  the  respective  girders  as  deter- 
mined by  method  II.  The  moments  of  inertia  of  the  girder  sections  of 
Table  30  are  proportional  to  the  bending  moments  in  the  respective 
girders  determined  by  method  III.  It  is  apparent  from  Tables  29-30 
and  Tables  23-26  that  methods  II  and  III  are  so  inaccurate  that  they 
should  never  be  used. 

The  moments  of  inertia  of  the  girder  sections  of  Table  31  are 
proportional  to  the  bending  moments  in  the  respective  girders  as  deter- 
mined by  method  IV.  For  bents  having  equal  spans  and  equal  column 
sections  this  method  gives  quite  accurate  results. 

While  methods  I  and  IV  may  be  quite  accurate  in  some  cases,  their 
accuracy  depends  upon  the  proportions  of  the  bent.  For  example,  by 
comparing  Tables  27  and  28  it  is  apparent  that  if  the  moments  of 
inertia  of  the  girder  sections  are  not  proportional  to  the  bending  moments 
determined  by  method  I,  that  method  will  not  be  as  accurate  as  when 
the  girder  sections  are  so  proportioned.  Again,  in  Tables  28  and  31 
the  sections  of  the  columns  are  equal  and  the  moments  of  inertia  of 
the  sections  of  column  A  and  girder  a  are  equal;  but  if  these  relations 
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do  not  exist,  the  methods  will  not  in  general  be  as  accurate  as  Tables 
28  and  31  seem  to  indicate. 

Any  inaccuracy  in  methods  I  and  IV  due  to  sudden  changes  in  the 
members  of  the  bent,  are  in  addition  to  the  inaccuracies  shown  in  Tables 
2S  and  31. 

For  the  bents  shown  in  Tables  28  to  31,  the  moments  determined 
by  the  proposed  approximate  method  are  exactly  the  same  as  the  moments 
determined  by  the  slope-deflection  method. 

X.     Test  of  a  Celluloid  Model  of  a  Bent. 

23.  Description  of  Tests. — In  order  to  check  the  deflections  and 
the  changes  in  the  slopes  calculated  by  the  slope-deflection  method,  a 
celluloid  model  of  a  bent  was  subjected  to  known  shears,  and  the  result- 
ing deflections  and  changes  in  slopes  were  measured  and  compared  with 
the  calculated  values.  The  model  was  made  of  celluloid  %  inch  thick, 
and  had  the  general  dimensions  shown  in  Fig.  14.  A  cord  passing  over 
a  pulley  and  attached  to  a  weight  at  one  end  and  to  the  top  of  the 
model  at  the  other,  produced  a  uniform  shear  in  all  stories.  Paper  arms 
were  fastened  to  the  model  at  points  where  the  members  intersect.  The 
movement  of  these  arms  indicated  the  changes  in  the  slopes.  One  of 
these  arms,  A2D,  is  shown  in  Fig.  14.  The  external  force  caused  the 
point  A2  to  move  in  approximately  a  horizontal  line  and  at  the  same 
time  to  turn  through  a  small  angle,  6.  The  paper  arm  A2D  has  the 
same  motion  as  the  point  A2 ;  thus  the  vertical  displacement  of  D  measures 
the  angle  6.  The  horizontal  deflection  of  the  model  was  obtained  by 
measuring  the  displacement  of  a  point  at  the  middle  of  a  girder.  Paper 
arms  were  attached  to  all  four  columns  at  the  tops  of  all  stories  simul- 
taneously, and  the  changes  in  the  slopes  at  all  intersections  were 
measured  for  each  application  of  the  load.  Similarly,  the  horizontal 
deflection  was  measured  at  the  middle  of  each  of  the  three  girders  at 
the  top  of  each  story. 

In  the  original  model,  known  as  model  No.  1,  members  No.  1,  2, 
3,  and  4  were  %  inch  wide ;  all  other  members  were  %  inch  wide.  After 
this  model  had  been  tested,  member  No.  1  was  reduced  to  ^  inch ;  and 
then  the  resulting  model,  now  known  as  No.  2,  was  tested.  Members  No. 
2,  3,  and  4  were  successively  reduced  to  %  inch ;  and  the  resulting  models, 
now  known  as  models  No.  3,  4,  and  5,  were  also  tested. 

In  testing  model  No.  1,  observations  were  made  when  loads  of 
2y2  lb.,  5  lb.,  7y2  lb.,  and  10  lb.  were  applied.  The  readings  for  the 
two  sides  of  the  model  agreed  very  closely  in  the  bottom  three  stories; 
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but  in  the  fourth  story  they  did  not  agree.  Thinking  that  this  discrep- 
ancy might  be  due  to  excessive  stresses,  when  testing  model  No.  2,  a 
maximum  load  of  only  7^  lb.  was  used;  but  there  was  still  the  same 
discrepancy  in  the  readings.  Thinking  that  the  apparatus  might  be 
out  of  order,  the  loads  were  removed  and  then  applied  a  second  time  but 
the  second  readings  agreed  very  closely  with  the  first.  In  testing  models 
No.  3,  4,  and  5,  loads  of  1%  lb.,  3  lb.,  and  4y2  lb.  were  applied.  The 
loads  were  then  removed  and  applied  in  the  opposite  direction.  The 
readings  for  the  two  sides  of  the  model  continued  to  agree  very  closely 
in  the  bottom  three  stories;  and  in  the  fourth  story  they  continued  to 


Fig.  14.    Celluloid  Model. 


disagree.  It  is  therefore  probable  that  either  the  material  was  not 
homogeneous  or  that  there  were  internal  stresses  or  local  weaknesses  in 
the  upper  part  of  the  model. 

The  observations  made  in  the  test  of  model  No.  4  are  given  in 
Table  32. 

24.  Results  of  Tests— -The  results  of  the  tests  of  the  models  are 
given  in  Fig.  15.  The  models  are  shown  by  the  sketches  at  the  left 
of  the  figure.  In  these  sketches  members  represented  by  heavy  lines 
are  %  inch  wide,  and  all  other  members  are  %  inch  wide.  The  upper 
diagram  of  Fig.  15  shows  the  changes  in  the  slopes  and  the  lower 
diagram  shows  the  deflections. 

In  the  upper  diagram  the  first  group  of  lines  at  the  left  represents 
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the  changes  in  the  slope  at  the  point  A1}  the  second  group  represents 
the  changes  at  A2,  and  similarly  the  third  and  fourth  groups  represent 
the  changes  at  A3  and  A±.  The  fifth  group  of  lines  from  the  left  repre- 
sents the  changes  in  the  slope  at  the  point  Bx,  the  sixth  group  at  B2,  and 
similarly  for  the  other  groups.  In  the  left-hand  group  of  lines  the 
change  in  the  slope  at  the  point  A±  of  model  No.  1  is  laid  off  from  the 
origin  on  a  horizontal  line  opposite  the  sketch  of  model  No.  1;  the 
change  in  the  slope  at  A 1  of  model  No.  2  is  laid  off  from  the  origin  on 
a  horizontal  line  opposite  model  No.  2 ;  the  change  in  the  slope  at  A  j  of 
model  No.  3  is  laid  off  from  the  origin  on  the  horizontal  line  opposite 
model  No.  3;  and  the  change  in  the  slope  at  Ax  of  model  No.  4  is  laid 
off  from  the  origin  on  the  horizontal  line  opposite  model  No.  4.  The 
full  lines  connect  points  which  represent  the  quantities  as  measured* 
and  the  clotted  lines  connect  points  which  represent  the  same  quantities 
as  computed  by  the  slope-deflection  method.  The  changes  in  the  slopes 
at  A2,  A.v  A 4,  Bx,  B2,  Bz,  and  B4  are  shown  in  a  similar  manner. 

The  lower  diagram  shows  the  ratios  of  the  deflection  to  the  story 
height  in  the  different  stories  of  the  models.  The  method  of  represent- 
ing the  ratios  of  deflection  to  story  height  is  similar  to  the  method  used 
to  represent  the  changes  in  the  slopes  in  the  upper  diagram. 

It  will  be  noticed  that  the  calculated  quantities  are  in  general  greater 
than  the  observed  quantities.  The  reason  for  this  is:  In  the  computa- 
tions, the  length  of  a  member  was  taken  equal  to  the  distance  between 
center  lines,  whereas  the  length  that  is  actually  free  to  bend  is  the  dis- 
tance from  outside  to  outside  of  the  members.  This  accounts  for  the 
difference  between  the  observed  and  the  computed  values. 

Fig.  15  shows  that  the  changes  in  the  slopes  and  the  ratios  of  the 

deflection  to  the  story  height  as  observed  and  as  computed  agree  closely. 
In  other  words,  the  tests  support  the  theory  upon  which  the  slope- 
deflection  method  is  based. 

XL    Discussion  of  the  Assumptions. 

25.  Preliminary. — In  making  the  analysis  of  the  stresses  the  writers 
made  certain  assumptions  in  regard  to  the  action  of  the  frame  when 
stressed.  The  effect  of  inaccuracies  in  these  assumptions  will  now  be 
considered. 

If  all  of  the  columns  of  a  story  are  taken  together  as  a  free  body, 
the  algebraic  sum  of  the  moments  at  the  tops  and  bottoms  of  all  the 
columns  is  equal  to  the  shear  on  the  story  multiplied  by  the  story  height. 
As  the  moments  in  the  columns  are  balanced  by  the  moments  in  the 
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girders,  the  algebraic  sum  of  the  moments  at  the  ends  of  the  girders  is 
dependent  upon  the  product  of  the  shear  in  the  story  and  the  story 
height.  These  facts  should  be  borne  in  mind  in  discussing  the  effect 
of  inaccuracies  in  the  assumptions  upon  the  moments  in  a  bent. 

26.  Assumption  of  Perfect  Rigidity.— According  to  assumption  No. 
1,  the  connections  between  the  columns  and  girders  are  perfectly  rigid. 
The  truth  of  this  assumption  can  be  determined  only  by  tests.  As  far 
as  the  writers  are  aware  no  such  tests  have  been  made.  While  it  is 
undesirable  to  make  a  mathematical  analysis  which  is  based  upon  an 
unverified  assumption,  some  assumption  relative  to  the  rigidity  of  the 
connections  must  be  made  before  the  stresses  in  a  frame  can  be  deter- 
mined. The  distribution  of  the  stresses  depends  more  upon  the  relative 
stiffness  than  upon  the  actual  stiffness  of  the  connections.  In  view  of 
these  facts,  it  seems  that  the  assumption  of  perfect  rigidity  of  the  joints 
is  the  most  logical  one  that  can  be  made. 

27.  Assumption  of  the  Unchanged  Length.— According  to  assump- 
tion No.  2,  the  change  in  the  length  of  a  member  due  to  the  direct  stress 
is  equal  to  zero. 

If  columns  A  and  B  change  in  length,  the  moment  at  the  right- 
hand  end  of  girder  a  will  be  given  by  the  equation 

M AB  =  2EKa  (26 a  +  6B  -  3£a) , 
in  which  R&  is  equal  to  the  difference  between  the  changes  in  the  lengths 
of  columns  A  and  B  divided  by  the  length  of  girder  a.  In  the  derivation 
of  the  general  equations  in  Section  VI,  R&  was  assumed  to  be  equal  to 
zero.  If  the  changes  in  the  lengths  of  the  columns  do  not  alter  the 
values  of  6A  and  6B,  the  change  in  the  moment  AMAB,  at  the  right- 
hand  end  of  girder  a  due  to  the  changes  in  the  lengths  of  the  columns  is : 

AMAB  =  2EK&  (-3£a). 

The  change  in  the  moment  at  the  left-hand  end  of  girder  a  is  equal 
to  the  change  at  the  right-hand  end.  The  difference  between  the  changes 
in  length  of  columns  A  and  B,  or  the  deflection  of  one  end  of  girder  a 
relative  to  the  other  end,  is  given  by  the  equation : 

d  =  — — -— ,  in  which 
AE 

d  =  the  deflection, 

P  =  the  difference  between  the  stress  in  column  A   and  the  stress  in 

column  B, 
I  —  the  length  of  the  columns, 
A  =  the  area  of  the  column  section, 
E  =  the  modulus  of  elasticity  of  steel. 
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From  Table  19,  page  75,  the  compressive  stresses  in  the  first  story 
of  columns  A  and  B  are  14,464  lb.  and  4,587  lb.  respectively. 

Therefore  P  =  14,464  —  4,587  =  9,877  lb.  From  Table  11,  page  48, 
I  =  264  in.,  K*  =  30.5  in.3,  and  A  =  112.8  sq.  in.  E  =  29,000,000  lb. 
per  sq.  in.     Substituting  these  values  in  the  above  equation  for  d,  gives : 

d  =  .000798  in. 

By  definition,  R3i= — - — ,  therefore 

V 

000798 

#a  =         ogt        =  .00000303,  and 
264 

Ai¥AB  =  2  X  29,000,000  X  30.5  (—  3  X  .00000303)  =  —  16,050  in.  lb. 
This  change  in  the  moment  is  5.6  per  cent  of  the  moment  at  the  right- 
hand  end  of  girder  a  as  given  in  Table   18,  page   74.     Likewise  the 
moment  at  the  left-hand  end  of  girder  a  is  decreased  by  16,050  in.  lb., 
which  is  6.Q  per  cent  of  the  moment  as  given  in  Table  18. 

The  moment  at  the  end  of  girder  b  is  affected  by  the  changes  in  the 
lengths  of  two  columns,  B,  one  on  each  side  of  the  center  line  of  the 
bent.  One  column  is  subjected  to  a  tensile  stress  of  4,587  lb.,  and  the 
other  to  a  compressive  stress  of  4,587'  lb.  The  deflection  of  girder  b 
is  given  by  the  equation 

2  X  4,587  X  264  ■  . 

d=     112.8  X  29,000,000     = -00^4  inches. 

.00074 
Rh  =    'V™'*    =  .00000343. 

d  JL\) 

AMBB  =  2X  29,000,000  X  37.3  X  3  X  .00000343  =  22,300  in.  lb., 
which  is  9.0  per  cent  of  the  moment  at  the  end  of  girder  b  as  given  in 
Table  18. 

The  change  in  the  length  of  a  column  is  a  function  of  the  unit 
direct  stress  and  also  a  function  of  the  story  height.  The  first  story 
of  the  building  considered  is  much  higher  (22  ft.)  than  the  other  stories, 
and  the  unit  direct  stress  in  the  columns  in  the  first  story  is  greater 
than  in  the  stories  above;  hence  the  change  in  the  length  of  the  columns 
is  very  much  less  in  the  other  stories  than  in  the  first  story.  Therefore 
the  changes  in  the  moments  for  the  other  stories  will  be  less  than  those 
in  the  first  story  computed  above. 

The   changes   in    the   moments   in   the   columns   have   been    deter- 
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mined  and  it  remains  to  consider  the  effect  of  the  direct  stresses  in  the 
girders.  The  direct  stress  in  a  girder  is  very  small  in  comparison  with 
the  direct  stress  in  a  column  and  therefore  may  be  neglected. 

If  the  changes  in  the  slopes  were  not  affected  by  the  changes  in 
the  lengths  of  the  columns,  the  moments  at  the  ends  of  girders  a  and  b 
would  be  decreased.  As  the  sum  of  these  moments  is  determined  by 
the  product  of  the  shear  in  the  story  and  the  story  height,  they  can  not 
all  be  decreased  simultaneously.  Therefore  all  of  the  changes  in  the 
slopes  must  be  increased  until  the  sum  of  the  moments  at  the  ends  of 
the  girders  will  balance  the  moments  in  the  columns.  This  will  make 
the  moments  at  the  ends  of  the  girders  practically  the  same  as  they 
would  have  been  if  the  columns  had  not  changed  in  length.  If  the 
moments  at  the  ends  of  the  girders  are  not  materially  affected,  the 
moments  at  the  ends  of  the  columns  will  not  be  materially  affected. 
Therefore  although  the  direct  stresses  in  the  columns  do  change  the 
lengths  of  the  columns,  they  do  not  affect  the  stresses  in  the  frame  to  any 
great  extent. 

28.  Assumption  as  to  Length  of  Members.— In  accordance  with 
assumption  No.  3,  the  length  of  a  member  was  taken  as  the  distance 
between  the  center  lines  of  the  members  which  it  intersects.  This  makes 
the  changes  in  the  slopes  and  deflections,  as  calculated,  greater  than  the 
actual  values.  The  effect  of  the  inaccuracy  of  this  assumption  upon  the 
distribution  of  the  moments  is,  however,  not  so  apparent. 

The  curves  in  Fig.  6,  7,  and  8  show  that  the  distribution  of  the 
moment  in  a  story  depends  upon  the  relative  values  of  K  of  the  mem- 
bers, but  that  it  takes  a  comparatively  large  change  in  the  K  of  a  mem- 
ber to  appreciably  affect  the  distribution  of  the  moments.  The  fact 
that  the  length  of  a  member  has  been  taken  equal  to  the  distance  between 
center  lines,  has  but  little  effect  upon  the  relative  values  of  K  for  the 
members;  and  therefore  does  not  materially  affect  the  distribution  of 
the  moments. 

29.  Assumption  as  to  Deflection  Due  to  Sh ear.— According  to 
assumption  No.  4,  the  internal  shearing  stresses  in  a  member  produce  no 
deflection.  The  distribution  of  the  stresses  is  dependent,  not  upon  the 
actual  deflection  of  the  columns  due  to  shear,  but  upon  the  differences 
between  the  deflections  in  the  different  columns.  The  shears  on  the 
columns  are  small  and  the  differences  between  the  shears  are  still  smaller ; 
and  therefore  the  assumption  that  the  deflection  due  to  shear  is  equal  to 
zero  will  not  cause  any  appreciable  error. 

30.  Assumption  as  to  Load.— According  to  assumption  No.  5,  the 
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entire  wind  load  is  resisted  by  the  steel  frame.  The  walls  of  a  building 
no  doubt  help  to  resist  the  wind  loads,  but  the  resistance  which  they 
exert  is  uncertain.  If  a  portion  of  the  load  is  considered  as  being  re- 
sisted by  the  walls  the  stresses  in  the  steel  frame  are  correspondingly 
reduced;  but  the  method  of  determining  the  stresses  is  not  affected. 

XII.     Conclusions. 

As  a  result  of  the  investigation  described  in  this  bulletin  the  follow- 
ing conclusions  can  be  made  relative  to  the  methods  used  to  determine 
the  wind  stresses  in  the  steel  frames  of  office  buildings. 

a.  Methods  II  and  III  of  Section  II  are  so  inaccurate  that  they 
should  never  be  used;  I  and  IV  are  quite  accurate  in  some  cases,  but 
they  may  give  results  which  are  seriously  in  error. 

b.  The  method  presented  in  Sections  VI  and  VII,  and  designated 
as  the  slope-deflection  method,  contains  no  approximations  except  those 
in  the  assumptions.  It  has  been  shown  that  the  inaccuracies  in  the 
assumptions  do  not  materially  affect  the  results.  Therefore  the  method 
is  very  accurate. 

c.  While  the  slope-deflection  method  is  long,  it  could  be  used  in 
the  actual  design  of  a  building ;  but  it  has  its  greatest  value  as  a  standard 
by  means  of  which  the  accuracy  of  the  approximate  methods  may  be 
determined. 

d.  The  proposed  approximate  method  is  short;  and,  except  at 
points  where  there  are  very  large  changes  in  the  size  of  the  members, 
gives  results  which  are  accurate  enough  to  be  used  in  the  actual  design 
of  a  building. 


ILLTNOTS    ENGINEERING    EXPERIMENT    STATION 


Table  11. 

Properties  of  the  Columns  and  Girders  in  the  Symmetrical  Three- 
Span  Twenty-Story  Bent  Shown  in  Fig.  5. 


Story 
Number 

Section  of  Member 

Area  of 
Section 
Sq.  In. 

Moment  of  Inertia — (Inches)4 

Length 
of 

Col- 
umns =  h 
of 
Gird- 
ers =/ 
Inches 

Kfor 

Columns 

_1 

Web 
Plate 

4 
Angles 

Cover 
Plate 

Web 

4  Angles 

Cover 
Plate 

Total 

h 

for 

Girders 

_1 

I 
(Inches^ 

Primary 

Second- 
ary 

1 

17x1 

8x8x1 

2-18x11 

112.80 

358 

318 

2190 

3950 

6816 

264 

25.8 

2 

17x1 

8x8x1 

2-18xH 

112.80 

358 

318 

2190 

3950 

6816 

192 

35.6 

3  and  4 

17x1 

8x8x1 

2-18x1 

103.80 

358 

318 

2190 

3080 

5946 

168 

35.4 

5  and  6 

17x1 

8x8x1 

2-18x14 

92.55 

358 

318 

2190 

2060 

4926 

168 

29.4 

^ 

7  and  8 

17x1 

8x8x1 

2-18x/e 

83.55 

358 

318 

2190 

1266 

4132 

144 

28.7 

a 

a 

9  and  10 

17x1  g 

8x8x?| 

72.42 

384 

337 

2315 

3036 

144 

21.1 

o 

11  and  12 

17x£ 

8x8x}jj 

64.24 

358 

299 
131 

2050 

2707 

144 

18.8 

O 

13  and  14 

17xi[ 

8x6x1  £ 

53.79 

308 

2195 

2634 

144 

18.3 

15  and  16 

17x£ 

8x6xf 

42.26 

205 

105 

1745 

2055 

144 

14.3 

17  and  above 

17xi 

Sxfa^ 

38.86 

205 

96 

1590 

1891 

144 

13.1 

— 

1 

17x| 

8x8x1 

2-18x11 

112.80 

358 

318 

2190 

3950 

6816 

264 

25.8 

2 

17x| 

8x8x1 

2-18xU 

112.80 

358 

318 

2190 

3950 

6816 

192 

35.6 

3  and  4 

17x1 

8x8x1 

2-18x1 

103.80 

358 

318 

2190 

3080 

5946 

168 

35.5 

5  and  6 

17x1 

8x8x1 

2-18x| 

94.80 

358 

318 

2190 

2240 

5106 

168 
144 

30.4 

EQ 

7  and  8 

17x|  . 

8x8x1 

2-18xi 

85.80 

358 

318 

2190 

1459 

4325 

30.0 

a 

3 

6 

9  and  10 

17x1 

8x8x1 

2-18x15e 

79.05 

358 

318 

2190 

892 

3758 

144 

26.1 

11  and  12 

17x£ 

8x8x1 

67.80 

358 

318 

2190 

2866 

144 
144 

19.9 

13  and  14 

17x1 

8x6x1 I 

57.92 

358 

131 

2195 

2684 

18.6 

15  and  16 

17x| 

8x6x| 

44.39 

256 

105 

1745 

2106 

144 
144 

14.6 

17  and  above 

17x| 

8x6x^6 

41.00 

256 

96 

1544 

1896 

13.2 

o 

1 

42x£ 

6x3^x| 

29.43 

2315 

13 

5730 

8058 

264 

30.5 

>> 

0} 

2  and  3 

36x§ 

6x3^xf 

27.18 

1458 

13 

4170 

5641 

264 

21.4 

— 

4  and  5 

36x| 

5x3ix| 

25.70 

1458 

13 

3690 

5161 

264 

19.5 

00 

6 

30x§ 

6x3 a xi 

24.93 

844 

13 

2860 

3717 

264 

14.1 

.fa 

7 

30xi 

OXOjiXg 

23.45 

844 

13 

2530 

3387 

264 

12.8 

o 

8  and  above 

24x| 

5x3 jxf 

21.20 

432 

13 

1580 

2025 

264 

7.7 

1 

42x§ 

6x3ix| 

29.43 

2315 

13 

5730 

8058 

216 

37.3 

o 

2 

36xi 

OXOgXyg 

29.38 

1458 

15 

4830 

6303 

216 

29.2 

c5 

PQ 

3  and  4 

36x| 

6x3 vxf 

27.18 

1458 

13 

4170 

5641 

216 

26.2 

c 

5 

36x| 

5x3  k| 

25.70 

1458 

13 

3690 

5161 

216 

23.8 

CO 

6 

30x| 

6x3^xg 

24.93 

844 

13 

2860 

3717 

216 

17.2 

T3 
.!3 

7 

30x| 

5x3|x| 

23.45 

844 

13 

2530 

3387 
2025 

216 

15.7 

o 

8  and  above 

24xg 

QaO«i  Xg 

21.20 

432 

13 

1580 

216 

9.4 
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Table  12. 

Numerical  Values  of  the  Constants  in  the  Equations  of  Table 
3  for  the  Symmetrical  Three-span  Twenty-story  Bent  shown 
in  Fig.  5. 

All  quantities  are  expressed  in  inches3 


^  No. 

Values  of 
for 

Values  of 
for 

Values  of 

'[-*<H)1 

for  all  members 
intersecting  at  the 

"3 

o 

a 

a 

_3 

"o 

O 

a 

a 
o 

a 
o 

OPQ  o 

o 

£  C9   >> 

o5-c>  o 
1!  &™ 

■H      «... 

o  a 

o  o 
HO 

cq 

o  a 

O   O 

HO 

II  m 

00    rt 

3.3. 
"c3"o 
>o 

1 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

25.8 
35.6 
35.4 
35.4 
29.4 
29.4 
28.7 
28.7 
21.1 
21.1 
18.8 
18.8 
18.3 
18.3 
14.3 
14.3 
13.1 
13.1 
13.1 
13.1 

25.8 
35.6 
35.5 
35.5 
30.4 
30.4 
30.0 
30.0 
26.1 
26.1 
19.9 
19.9 
18.6 
18.6 
14.6 
14.6 
13.2 
13.2 
13.2 
13.2 

30.5 

21.4 

21.4 

19.5 

19.5 

14.1 

12.8 

7.7 

7.7 

7.7 

7.7 

7.7 

7.7 

7.7 

7.7 

7.7 

7.7 

7.7 

7.7 

7.7 

37.3 

29.2 

26.2 

26.2 

23.8 

17.2 

15.7 

9.4 

9.4 

9.4 

9.4 

9.4 

9.4 

9.4 

9.4 

9.4 

9.4 

9.4 

9.4 

9.4 

183.8 

184.8 

184.4 

168.6 

156.6 

144.4 

140.4 

115.0 

99.8 

95.2 

90.6 

89.6 

88.6 

80.6 

72.6 

70.2 

67.8 

67.8 

67.8 

41.6 

258  4 

243.4 

237.2 

223.2 

208.2 

183.4 

177.0 

146.4 

138.6 

126.2 

113.8 

111.2 

108.6 

100.6 

92.6 

89.8 

87.0 

87.0 

87.0 

60.6 

206.8 
284.8 
283.6 
283.6 
239.2 
239.2 
234.8 
234.8 
188.8 
188.8 
154.8 
154.8 
147.6 
147.6 
115.6 
115.6 
105.2 
105.2 
105.2 
105.2 
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Table  14. 

Elimination  or  the  Unknown  Quantities  in  the  Equations  for  the  Symmetri- 
cal Three-Span  Twenty-Story  Bent  Shown  in  Fig.  5. 


Left-Hand  Member  of  Equation 

Right-Hand 
P         Member  of 
Equation 

a 
o 

Story  No. 

1 

Story  No.  2 

Story  No.  3 

Story  No.  4 

*£ 

Ri 

0A1 

0B1 

*2 

#A2 

#B2 

*3 

#A3 

6B3 

Ri 

0.H 

#B4 

Coefficients  of  Unknown  Slopes  and  Ratios  of  Deflection  to  Story 

Height 

efficient 
of  .0001 

A 
B 
C 

1.0000 
1.0000 
1.0000 

—0.2495 
—2.3747 
—0.3940 

—0.2495 
—0.3940 
—3.8204 

1.3798 
1.3798 

—0.4599 

—0.4599 

0.5667 
0.0000 
0.0000 

A-B 
B-C 

0 
0 

2.1252 
—1.9806 

0.1445 
3.4263 

— 1  3798 
0 

0.4599 
—0.4599 

0.4599 

0.5667 
0.0000 

1 
2 
D 

E 

1  0000 
1.0000 
1.0000 
1.0000 

0.0680 

—1.7300 

1.0000 

—0.6494 

—4.0000 
—3.0000 

0.2164 
0.2322 
1.0000 
5.1912 

—0.2322 
1.0000 
0.6012 

—2.9834 

0.9944 

0.2667 

0.0000 

—1 .  1082 

0.0000 

1-2 
2-D 
D^ 

0 
0 
0 

1.7980 

—2.7300 

1.0000 

—0.6494 

4.0000 

—1.0000 

—0.0158 

0.7678 

—4.1912 

0.2322 

—1.2322 

0.3988 

2.9834 

—0.9944 

0  2667 

1.1082 

—1.1082 

3 
4 
5 
F 

1 
1 
1 
1 

—0.3611 
—1.4652 
—1.0000 
—3.0000 

—0.0088 
0.2812 

—4.1912 
0.6012 

0.1292 
0.4513 
0.3988 
7.6575 

2.9834 
—2.9915 

—0.9941 

0.9972 

0.1483 
—0.4059 
—1 .  1082 

0.0000 

3-4 
4-5 
5-F 

0 
0 
0 

1.1040 

—0.4652 

2.0000 

—0.2900 

4.4724 

—4.7924 

—0.3222 

0.0525 

—7.2587 

—2.9834 
5.9749 

0.9944 
—0.9944 

—0.9972 

0.5543 

0.7023 
—1 .  1082 

6 

7 
8 

1 
1 
1 

— 0  2627 
—9.6140 
—2.3962 

—0.2918 
—0.1128 
—3.6293 

6.4127 

2.9874 

—2.1378 
—0.4972 

—0.4986 

0.5021 
—1.5095 
—0.5541 

6-7 

7-8 

0 
0 

9.3513 
—7.2178 

—0.1790 
3.5165 

—6.4127 
3.4252 

2.1378 
—1.6406 

0.4986 

2.0116 
—0.9554 

9 
10 
G 
H 

1 

1 
1 
1 

—0.0191 

—0.4872 

1.0028 

—0.6857 
—0.4746 
—4 .  0055 
—3.0000 

0.2286 
0.2273 
1.0000 
5.2091 

—0.0691 
1.0028 
0.6045 

—3.0000 

1.0000 

0.2151 

0.1324 

—0.9110 

0.0000 

9-10 
10-G 
G-H 

0 
0 
0 

0.4681 

—1.4900 

1.0028 

—0.2111 

3.5309 

—1.0055 

0.0013 
—0.7727 
—4.2091 

0.0691 

—1.0719 

03983 

3.0000 

—1.0000 

0.0827 

1.0434 

—0.9110 

11 
12 
13 
1 

1 
1 
1 

1 

—0.4511 
—2.3700 
—1.0028 
—3.0000 

0.0027 

0.5186 

—4.1971 

0.6028 

0.1476 
0  7194 
0.3971 
7.4200 

2.9915 
—3.0000 

—0.9972 

1.0000 

0.1768 
—0.6990 
—0.9084 

0.0000 

11-12 
12-13 
13-1 

0 
0 

0 

1.0189 

—1.3672 

1.9972 

—0.5159 

4.7157 

—4.7999 

—0.5718 

0.3223 

—7.0230 

—2.9915 
5.9915 

0.9972 
—0.9972 

—1.0000 

0.8758 

0.2094 

—0.9084 
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Table  14. — (Continued). 

Elimination  of  the  Unknown  Quantities  in  the  Equations  for  the  Symmetri- 
cal Three-Span  Twenty-Story  Bent  Shown  in  Fig.  5. 


Left-Hand  Member  of  Equation 

a  3 

e 
*3  ts 

Story  No.  3 

Story  No.  4 

Story  No.  5 

Story  No.  6 

*3 

#A3 

#B3 

Ri 

#A4 

#B4 

*8 

#A5 

0B5 

*a 

#A6 

#B0 

Co- 

Coefficients of  Unknown  Slopes  and  Ratios  of  Deflection  to  Story  Height 

efficient 
of  .0001 

!4 
15 
16 

1 
1 

1 

—0.2689 
—3.4490 
—2.4033 

—0.2980 
—0.2357 
—3  5179 

2.1881 
2.9999 

—0.7294 
—0.4993 

—0.5007 

0.4564 
—0.1532 
—0.4548 

14-15 
14-16 

0 
0 

3.1802 
2.1344 

—0.0623 
3.2199 

—2.1881 
—2.9999 

0.7294 
0.4993 

0.5007 

0.6096 
0.9112 

17 
18 
J 
K 

1 
1 
1 
1 

—0.0196 
1.5086 
1.0028 

—0.6881 
—1.4057 
—4.0057 
—3.0000 

0.2294 
0.2339 

1.0000 
4.7628 

0.2346 
1.0028 
0.5508 

—2.4914 

0.8302 

0.1917 

0.4270 

—0.8546 

0  0000 

17-18 

18-K 

J-K 

0 
0 
0 

—1 .  5282 
1.5086 
1.0028 

0.7176 

1.5943 

—1.0057 

—0.0046 
—4.5290 
—3 .  7628 

—0.2346 

—0.3162 

0.4520 

2.4914 
2.4914 

—0.8302 
—0.8302 

—0.2353 

0.4270 

—0.8546 

19 
20 
21 

L 

1 
1 
1 

1 

—0.4696 

1.0568 

—1.0028 

—3.0000 

0.0030 
—3.0019 
—3 .  7520 

0.5496 

0.1535 

—0.2096 

0.4507 

7.0255 

1.6514 

2.4842 
—2.5691 

—0.5503 
—0.8279 

0.8564 

0.1540 

0  2830 

—0.8521 

0.0000 

19-20 
20-21 
20-L 

0 
0 
0 

—1.5264 
2.0596 
4.0568 

3.0049 

0.7501 

—3.5515 

0.3631 
—0.6603 
—7.2351 

—1.6514 

—0.8328 

4.2205 

0.5503 

0.2776 

—0.5503 

—0.8564 

—0.1290 
1 . 1352 
0.2830 

22 
23 
24 

1 
1 
1 

—1.9687 

0.3642 

—0.8754 

—0.2379 
—0.3206 
—1.7836 

1.0819 

—0.4044 

1.0404 

—0.3605 

0.1348 

—0.1357 

—0.2111 

0.0846 
0.5512 
0.0697 

22-23 
23-24 

0 
0 

—2.3329 
1.2397 

0.0827 
1.4630 

1.4863 
—1.4448 

—0.4953 
0.2705 

0.2111 

—0.4666 
0.4815 

25 
26 
M 

N 

1 

1 
1 
1 

—0.0355 
1.1803 
1.0340 

—0.6371 
—1.1657 
—4.0684 
—3.0000 

0.2123 
0.2182 
1.0000 
5.3260 

0.1703 
1.0340 
0.6632 

—3.0000 

1.0000 

0.2000 

0.3884 

—0.9609 

0.0000 

25-26 
25-M 

M-N 

0 
0 
0 

—1.2158 

—1.0695 

1.0340 

0.5286 

3.4313 

—1.0684 

—0.0059 
—0 .  7877 
—4.3260 

—0.1703 

—1.0340 

0.3708 

3.0000 

—1.0000 

—0.1884 

1.1609 

—0.9609 

27 
28 
29 
0 

1 
1 
1 
1 

—0.4348 
—3.2083 
—1.0333 
—3  0000 

0.0048 

0.7365 

—4.1842 

—0.6415 

0.1401 
0.9668 
0.3586 
7.6321 

2.9016 
—3.0000 

—0.9672 

1.0000 

0.1550 
—1.0855 
—0.9294 

0.0000 

27-28 
28-29 
29-0 

0 
0 
0 

2.7735 

—2.1750 

1.9667 

—0.7316 

4.9207 
—4.8257 

—0.8267 

0.6082 

—7.2735 

—2.9016 
5.9016 

0.9672 
—0.9672 

—1.0000 

1.2405 
—0.1561 
—0.9294 

30 
31 
32 

1 
1 
1 

—0.2638 
—2.2623 
—2.4540 

—0.2981 
—0.2796 
—3.6986 

1.3341 

3.0004 

—0.4447 
—0.4918 

—0.5085 

0.4473 

0.0718 

—0.4726 

30-31 
30-32 

0 
0 

1.9985 
2 . 1902 

—0.0185 
3.4005 

—1.3341 
—3.0004 

0.4447 
0.4918 

0.5085 

0.3755 
0.9199 
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Table  14. — (Continued). 

Elimination  of  the  Unknown  Quantities  in  the  Equations  for  the  Symmetri- 
cal Three-Span  Twenty-Story  Bent  Shown  in  Fig.  5. 


Left-Hand  Member  of  Equation. 

"9«~ 

So 

w  fe.l 

Co- 
efficient 
of   .0001 

a 
o 

Story  No.  5 

Story  No.  6 

Story  No.  7 

Story  No.  8 

d  o* 

*5 

0A5 

#B5 

*6 

#A6 

#B6 

*7 

*A7 

#B7 

*8 

#A8 

#B8 

Coefficients  of  Unknown  Slopes  and  Ratios  of  Deflection  to  Story  Height. 

33 
34 
P 
Q 

1 
1 

1 
1 

—0.0092 
1.5526 
1.0341 

—0.6676 
—1.3698 
—4.0682 
—3.0000 

0.2225 
0.2246 
1.0000 
4.9120 

0.2322 
1.0341 
0.4796 

—2.9285 

0.9762 

0.1879 

0.4200 

—0.8929 

0.0000 

33-34 
33-P 

P-Q 

0 
0 
0 

—1.5618 

—1.0433 

1.0341 

0.7022 

3.4006 

—1.0682 

—0.0020 
—0.7775 
—3.9120 

—0.2322 

—1.0341 

0.5545 

2.9285 

—0.9762 

—0.2321 

1.0808 

—0.8929 

35 
36 
37 
R 

1 
1 
1 

1 

—0.4497 
—3.2593 
—1.0330 
—3.0000 

0.0013 

0.7452 

—3.7818 

0  4638 

0.1487 
0.9911 
0.5362 
6.5993 

2.8320 
—2.9606 

—0.9440 

0.9870 

0.1486 
—1.0359 
-0.8634 

0.0000 

35-36 
36-37 
37-R 

0 
0 
0 

2.8097 

—2.2263 

1.9670 

—0.7439 

4.5270 

—4.2456 

—0.8425 

0.4549 

—6.0631 

—2.8320 
5.7926 

0.9440 
—0.9440 

—0.9870 

1.1845 
—0.1724 
—0.8634 

38 
39 
40 

1 
1 
1 

—0.2648 
—2.0335 
—2.1586 

—0.2998 
—0.2044 
—3.0827 

1.2721 
2.9451 

—0.4240 
—0.4799 

—0.5018 

0.4216 

0.0775 

—0.4390 

38-39 
38-40 

0 
0 

1.7687 
1.8938 

—0.0955 

2.7828 

— 1 . 2721 
— 2.9451 

0.4240 
0.4799 

0.5018 

0.3441 
0.8606 

41 

42 

S 

T 

1 
1 
1 

1 

—0.0540 
1.4695 
1.0453 

— 0.7192 

—1.5553 
—4.0909 
—3.0000 

0.2397 
0.2534 
1.0000 
4.8920 

0.2650 
1.0453 
0.4460 

—3.0000 

1.0000 

0.1946 

0.4544 

—0.7281 

0.0000 

41-42 

41-S 

S-T 

0 
0 
0 

—1.5235 

—1.0993 

1.0453 

0.8361 

3.3717 

—1.0909 

—0.0137 
—0.7603 
—3.8920 

—0.2650 

—1.0453 

0.5993 

3.0000 

—1.0000 

—0.2599 

0.9227 

—0.7281 

43 
44 
45 
U 

1 
1 
1 
1 

—0.5489 
—3.0672 
—1.0436 
—3.0000 

0.0090 

0.6916 

—3.7234 

0.4267 

0.1739 
0.9510 
0.5733 
6.4233 

2.8700 
—3.0000 

—0.9567 

1.0000 

0.1706 

—0.8394 

0.6964 

0.0000 

43-44 
44-45 
45-U 

0 
0 
0 

2.5183 

—2.0236 

1.9564 

—0.6826 

4.4150 

—4.1501 

—0.7781 

0.3777 

—5.8500 

—2.8700 
5.8700 

0.9567 
—0.9567 

—1.0000 

1.0100 
—0.1430 
-0.6964 

46 

47 
48 

1 
1 
1 

—0.2711 
—2.1818 
—2.1213 

—0.3090 
—0.1867 
—2.9903 

1.4184 
3.0006 

-0.4728 
—0.4890 

-0.5111 

0.4011 

0.0706 

—0.3560 

46-47 
46-48 

0 
0 

1.9108 
1.8502 

—0.1223 
2.6813 

—1.4184 

—3.0006 

0.4728 
0.4890 

0.5111 

0.3304 
0.7570 
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Elimination  of  the  Unknown  Quantities  in  the  Equations  for  the  Symmetrical 
Three-Span  Twenty-Story  Bent  Shown  in  Fig.  5. 


Left-Hand  Member  of  Equation 

T3^ 

J,  ^3  V3 

a 
_o 

O  c3 

Story  No. 

7 

Story  No.  8 

Story  No.  9 

Story  No.  10 

-a  s  § 

.  3 
O   O" 

*7 

#A7 

#B7 

*8 

#A8 

#B8 

*9 

#A9 

#B9 

R10 

#A10 

#B10 

Co- 

Coefficients of  Unknown  Slopes  and  Ratios  of  Deflection  to  Story  Height 

efficient 
of  .0001 

49 
50 
V 

w 

1 
1 
1 
1 

—0.0640 
1.4491 
1.0453 

—0.7422 
—1.6219 
—4.0909 
—3.0000 

0.2474 
0.2643 
1.0000 
4.0073 

0.2763 
1.0453 
0.2683 

—2.2056 

0.7352 

0.1729 

0.4093 

—0.6741 

0.0000 

49-50 
49-V 
V-W 

0 
0 
0 

—1.5131 

—1.1093 

1.0453 

0.8797 

3.3487 

—1.0909 

—0.0169 
—0.7526 
—3.0073 

—0.2763 
—1.0453 
—0.7770 

2.2056 

—0.7352 

—0.2363 

0.8470 

—0.6741 

51 
52 
53 
X 

1 
1 
1 

1 

—0.5814 
—3.0186 
—1.0436 
—3.0000 

0.0112 

0.6784 

—2.8769 

0.2567 

0.1826 
0.9423 
0.7433 
5.1933 

2.1100 
—2.6100 

—0.7036 

0.8700 

0.1562 
—0.7636 
—0.6449 

0.0000 

51-52 
52-53 
53-X 

0 
0 
0 

2.4372 

—1.9750 

1.9564 

—0.6672 

3.5553 

—3.1336 

—0.7598 

0.1990 

—4.4500 

—2.1100 
4.7200 

0.7036 
—0.7036 

—0.8700 

0.9198 
—0.1187 
—0.6449 

54 
55 
56 

1 
1 
1 

—0.2738 
—1.8002 
— 1  6019 

— 0.3117 
— 0.1008 
— 2.2747 

1.0685 
2.4127 

—0.3563 
—0.3597 

—0.4447 

0.3774 

0.0601 

—0.3296 

54-55 
54-56 

0 
0 

1.5265 
1.3281 

—0.2110 
1.9630 

—1.0685 
—2.4127 

0.3563 
0.3597 

0.4447 

0.3173 
0.7070 

57 

58 

Y 

Z 

1 
1 
1 
1 

—0.1382 
1.4779 
1.2371 

—0.7000 
—1.8165 
—4.4743 
—3.0000 

0.2334 
0.2708 
1.0000 
4.7299 

0.3348 
1.2371 
0.3649 

—3.0000 

1.0000 

0.2079 

0.5323 

—0.8484 

0.0000 

57-58 

57-Y 

Y-Z 

0 
0 
0 

—1.6161 

—1.3753 

1.2371 

1.1165 

3.7743 

—1.4743 

—0.0374 
—0.7666 
—3.7299 

—0.3348 

—1.2371 

0.8722 

3.0000 

—1.0000 

—0.3245 

1.0562 

—0.8484 

59 

60 

61 

a 

1 
1 
1 
1 

—0.6908 
—2.7443 
—1.1918 
—3.0000 

0.0231 

0.5574 

—3.0151 

0.2950 

0.2072 
0.8995 
0.7051 
5.6705 

2.4253 
—3.0000 

—0.8084 

1.0000 

0.2008 
—0.7681 
—0.6859 

0.0000 

59-60 
60-61 
61-a 

0 
0 
0 

2.0535 
—1.5525 

1.8082 

—0.5342 

3.5725 

—3.3102 

—0.6924 

0.1945 

— i.9654 

—2.4253 
5.4253 

0.8084 
—0.8084 

—1.0000 

0.9689 
—0.0822 
—0.6859 

62 
63 
64 

• 

1 

1 
1 

—0.2602 
—2.3013 
—1.8308 

—0.3372 
—0.1253 
—2.7462 

1.5624 
3.0000 

—0.5207 
—0.4471 

—0.5531 

0.4719 

0.0529 

—0.3793 

62-63 
62-64 

0 
0 

2.0411 
1.5706 

—0.2119 
2.4090 

—1.5624 
—3.0000 

0.5207 
0.4471 

0.5531 

0.4189 
0.8512 
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Table  14. — (Continued). 

Elimination  or  the  Unknown  Quantities  in  the  Equations  for  the  Symmetrical 
Three-Span  Twenty-Story  Bent  Shown  in  Fig.  5. 


Left-Hand  Member  of  Equation 

0   O 
08        0 

W8.S 

o 

O  e« 

Story  No.  9 

Story  No.  10 

Story  No.  11 

Story  No.  12 

6  c 

^•W 

*9 

#A9 

#B9 

^10 

0A1O 

0B1O 

*il 

0A11 

#B11 

^12 

#A12 

#B12 

Co- 

efficient 

Coefficients  of  Unknown  Slopes  and  Ratios  of  Deflection  to  Story  Height 

of    .0001 

65 
66 
b 
c 

1 
1 
1 
1 

—0.1038 
1.5340 
1.2371 

—0.7655 
—1.9103 
—4.4743 
—3.0000 

0.2551 
0.2847 
1.0000 
4.5120 

0.3522 
1.2371 
0.3649 

—2.6730 

0.8911 

0.2053 

0.5420 

—0.7771 

0.0000 

65-66 
65-b 
b-c 

0 
0 
0 

— 1 . 6378 

—1.3409 

1.2371 

1.1448 

3.7088 
—1.4743 

—0.0296 
—0.7449 
—3.5120 

—0.3522 

—1.2371 

0.8722 

2.6730 

—0.8911 

—0.3367 

0.9824 

—0.7771 

67 
68 
69 
d 

1 
1 
1 
1 

—0.6991 
—2.7660 
—1.1918 
—3.0000 

0.0180 

0.5555 

—2.8392 

0.2950 

0.2151 
0.9226 
0.7050 
5.1954 

2.1610 
—2.2873 

—0.7204 

0.7624 

0.2056 
—0.7327 
—0.6283 

0.0000 

67-68 
68-69 
69-d 

0 
0 
0 

2.0669 

—1.5742 

1.8082 

—0.5375 

3.3947 

—3.1342 

—0.7075 

0.2176 

—4.4904 

—2.1610 
4.4483 

0.7204 
—0.7204 

—0.7624 

0.9383 
—0.1044 
—0.6283 

70 
71 

72 

1 

1 
1 

—0.2601 
—2.1566 
—1.7333 

—0.3423 
—0.1382 
—2.4833 

1.3728 

2.4602 

—0.4576 
—0.3984 

—0.4216 

0.4540 

0.0663 

—0.3474 

70-71 
70-72 

0 
0 

1.8865 
1.4732 

—0.2041 
2.1310 

—1.3728 

—2.4602 

0.4576 
0.3984 

0.4216 

0.3877 
0.8014 

73 
74 
e 
f 

1 
1 

1 
1 

—0.1082 
1.4464 
1.0585 

—0.7277 
—1.6700 
—4.1170 
—3.0000 

0.2426 
0.2705 
1.0000 
4.8195 

0.2862 
1.0585 
0.4096 

—3.0000 

1.0000 

0.2055 

0.5441 

—0.7926 

0.0000 

73-74 
73-e 
e-f 

0 
0 
0 

—1.5547 

— 1 . 1668 

1.0585 

0.9422 

3.3893 

—1.1170 

—0.0278 
—0.7574 
—3.8195 

—0.2862 

—1.0585 

0.6499 

3.0000 

—1.0000 

—0.3385 

0.9981 

—0.7926 

75 
76 

77 
g 

, 

1 
1 
1 
1 

—0.6061 
—2.9051 
—1.0553 
—3.0000 

0.0179 

0.6492 

—3.6083 

0.3869 

0.1841 
0.9076 
0.6140 
6.1913 

2.8343 
—3.0000 

—0.9449 

1.0000 

0.2178 
—0.8555 
—0.7488 

0.0000 

75-76 
76-77 
77-g 

0 
0 
0 

2.2990 

—1.8498 

1.9447 

—0.6313 

4.2575 

—3.9952 

—0.7235 

0.2936 

—5.5773 

—2.8343 
5.8343 

0.9449 
—0.9449 

—1.0000 

1.0733 
—0.1067 
—0.7488 

78 
79 
80 

1 
1 
1 

—0.2746 
—2.3018 
—2.0547 

—0.3147 
—0.1587 
—2.8682 

1.5323 
3.0003 

—0.5109 
—0.4859 

—0.5143 

0.4669 

0.0577 

—0.3851 

78-79 
78-80 

0 
0 

2.0272 
1.7801 

—0.1560 
2.5535 

—1.5323 
—3.0000 

0.5109 
0.4859 

0.5143 

0.4092 
0.8519 
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Table  14. — (Continued). 

Elimination  of  the  Unknown  Quantities  in  the  Equations  for  the  Symmetrical 
Three-Span  Twenty-Story  Bent  Shown  in  Fig.  5. 


Left-Hand  Member  of  Equation 

Right-Hand 
Member  of 
Equation 

a 

Story  No.  11 

Story  No.  12 

Story  No.  13 

Story  No.  14 

•   3 

o  a" 

*n 

#A11 

#B11 

R12 

#A12 

#B12 

*13 

0A13 

#Bt3 

Ru 

0AH 

Obi  i 

Co- 

Coefficients of  Unknown  Slopes  and  Ratios  of  Deflection  to  Story  Height 

efficient 
of  .0001 

81 

82 

h 

i 

1 
1 
1 

—0.0769 
1.4344 
1.0585 

—0.7559 
—1.6854 
-4.1170 
—3.0000 

0.2520 
0.2730 
1.0000 
4.7660 

0.2889 
1.0585 
0.4096 

—2.9205 

0.9734 

0.2018 

0.4786 

—0.7128 

0.0000 

81-82 
81-h 

h-i 

0 
0 
0 

—1.5113 

— 1  1355 

1.0585 

0.9294 

3.3611 

— 1.1170 

—0.0210 
—0.7480 
—3.7660 

—0.2889 

—1.0585 

0.6489 

2.9205 

—0.9734 

—0  2768 

0  9147 

—0.7128 

83 
84 
85 
J 

1 
1 
1 

1 

— 0.6150 

—2.9602 
—1.0553 
—3.0000 

0.0139 

0.6587 

—3.5583 

0.3869 

0.1911 
0.9323 
0.6131 
6  0609 

2.7592 
—2.8040 

—0.9197 

0.9347 

0.1831 
—0.8055 
—0.6734 

0.0000 

83-84 
84-85 
85-j 

0 
0 
0 

2.3452 

—1.9049 

1.9447 

—0.6449 

4.2170 

—3.9452 

—0.7412 

0.3192 

—5.4478 

—2.7592 
5.5632 

0.9197 
—0.9197 

—0.9347 

0  9886 
—0.1321 
—0.6734 

86 

87 
88 

1 
1 
1 

—0.2750 
—2.2137 

—2.0288 

—0.3160 
—0.1676 
—2.8015 

1.4484 
2.8609 

—0.4828 
—0.4730 

—0.4807 

0.4216 

0.0693 

—0.3463 

86-87 
86-88 

0 
0 

1.9387 
1.7539 

—0.1485 
2.4855 

—1.4484 
—2.8609 

0.4828 
0.4730 

0.4S07 

0.3522 
0.7679 

89 
90 

k 

1 

1 
1 
1 

1 

—0.0766 
1.4173 
1.0164 

—0.7471 
—1.6314 
—4.0329 
—3.0000 

0.2490 
0.2697 
1.0000 
4.8417 

0.2741 
1.0164 
0.4208 

—3.0000 

1.0000 

0.1816 

0.4378 

—0.6503 

0.0000 

89-90 
89-k 
k-1 

0 
0 
0 

—1.4939 

—1.0930 

1.0164 

0.8842 

3.2857 

—1.0329 

—0.0207 
—0.7510 
—3.8417 

—0.2741 

—1.0164 

0.5956 

3.0000 

—1.0000 

—0.2562 

0.8320 

—0.6503 

91 
92 
93 
m 

1 
1 
1 
1 

—0.5920 
—3.0063 
—1.0163 
—3.0000 

0.0138 

0  6871 

—3.7802 

0.4140 

0.1835 
0.9299 
0.5861 
6.3443 

2.9520 
—3.0000 

—0.9840 

1.0000 

0.1715 
—0.7612 
—0.6399 

0.0000 

91-92 
92-93 
93-m 

0 
0 
0 

2.4143 

—1.9900 

1.9837 

—0.6733 

4.4673 

—4.1942 

—0.7464 
0.3438 

—5.7582 

—2.9520 
5.9520 

0.9840 
—0.9840 

-1.0000 

0.9327 
—0.1213 
—0.6399 

94 
95 
96 

1 
1 
1 

—0.2789 
—2.2413 
—2.1143 

—0.3092 
—0.1728 
—2.9030 

1.4834 
3.0000 

—0.4945 
—0.4961 

—0.5042 

0.3863 

0.0610 

—0.3226 

94-95 
94-96 

0 
0 

1.9624 
1.8354 

—0.1364 
2.5938 

—1.4834 
—3.0000 

0.4945 
0.4961 

0.5042 

0.3254 
0.7089 
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Table  14. — (Continued). 

Elimination  of  the  Unknown  Quantities  in  the  Equations  for  the  Symmetrical 
Three-Span  Twenty-Story  Bent  Shown  in  Fig.  5. 


Left-Hand  Member  of  Equation 

a 

Story  No.  13 

Story  No.  14 

Story  No.  15 

Story  No.  16 

£  a  a 

•  3 

o  a- 

RVA 

#A13 

#H13 

*14 

#A14 

0BU 

*16 

0A15          #B15 

^16 

#A16 

#B16 

Co- 

Coefficients of  Unknown  Slopes  and  Ratios  of  Deflection  to  Story  Height 

efficient 
of  .0001 

97 
98 
n 

0 

1 
1 
1 

1 

—0.0695 
1.4135 
1.0164 

—0.7559 
—1.6349 
—4.0329 
—3.0000 

0.2520 
0.2704 
1.0000 
4.4044 

0.2747 
1.0164 
0.4208 

—2.3443 

0.7814 

0.1658 

0.3863 

—0.5711 

0.0000 

97-98 
97-n 
n-o 

0 
0 
0 

—1.4830 

—1.0859 

1.0164 

0.8790 

3.2769 

—1.0329 

—0.0184 
—0.7480 
—3.4044 

—0.2747 

—1.0164 

0.5956 

2.3443 

—0.7814 

—0.2205 

0.7369 

—0.5711 

99 
100 
101 
P 

1 
1 
1 
1 

—0.5928 
—3.0177 
—1.0163 
—3.0000 

0.0124 

0.6888 

—3.3497 

0.4140 

0.1853 
0.9360 
0.5860 
5.9148 

2.3067 
—2.3551 

—0.7689 

0.7850 

0.1487 
—0.6786 
—0.5619 

0.0000 

99-100 

100-101 

101-p 

0 
0 
0 

2.4249 

—2.0014 

1.9837 

—0.6765 

4.0385 

—3.7637 

—0.7507 

0.3499 

—5.3287 

—2.3067 
4.6618 

0.7689 
—0.7689 

—0.7850 

0.8274 
—0.1167 
—0.5619 

102 
103 
104 

1 
1 

1 

—0.2790 
—2.0179 
—1.8974 

—0.3096 
—0.1748 
—2.6867 

1.1525 
2.3505 

—0.3842 
—0.3877 

—0.3953 

0.3412 

0.0583 

—0.2833 

102-103 
102-104 

0 
0 

1.7389 
1.6184 

—0.1348 
2.3771 

—1 .  1525 
—2.3505 

0.3842 
0.3877 

0.3958 

0.2829 
0.6246 

105 
106 

q 

r 

1 
1 
1 
1 

—0.0775 
1.4690 
1.0210 

—0.6624 
—1.4525 
—4.0419 
^-3.0000 

0.2209 
0.2396 
1.0000 
5.0771 

0.2446 
1.0210 
0.5385 

—3.0000 

1.0000 

0.1627 

0.3859 

—0.6258 

0.0000 

105-106 

105-q 

q-r 

0 
0 
0 

—1.5465 

—1.0985 

1.0210 

0.7901 

3.3795 

—1.0419 

—0.0186 
—0.7790 
—4.0771 

—0.2446 

—1.0210 

0.4825 

3.0000 

—1.0000 

—0.2232 

0.7886 

—0.6258 

107 
108 
109 

8 

1 
1 
1 
1 

—0.5109 
—3.0762 
—1.0206 
—3.0000 

0.0120 

0.7092 

—3.9933 

0.5274 

0.1581 
0.9294 
0.4726 
6.9832 

2.9383 
—3.0000 

—0.9795 

1.0000 

0.1444 
—0.7178 
—0.6130 

0.0000 

107-108 

108-109 

109-3 

0 
0 
0 

2.5653 

—2.0556 

1.9794 

—0.6972 

4.7025 

—4.5207 

—0.7713 

0.4568 

—6.5106 

—2.9383 
5.9383 

0.9795 
—0.9795 

—1.0000 

0.8622 
—0.1048 
—0.6130 

110 
111 

112 

1 
1 
1 

—0.2718 
—2.2875 
—2.2836 

—0.3006 
—0.2222 

—3.2888 

1.4294 
3.0000 

—0.4765 
—0.4946 

—0.5052 

0.3361 

0.0510 

—0.3097 

110-111 
111-112 

0 
0 

2.0157 
2.0118 

—0.0784 
2.9882 

—1.4294 
—3.0000 

0.4765 
0.4946 

5052 

0.2851 
0.6457 
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Table  14. — (Continued). 

Elimination  of  the  Unknown  Quantities  in  the  Equations  for  the  Symmetrical 
Three-Span  Twenty-Story  Bent  Shown  in  Fig.  5. 


Left-Hand  Member  of  Equation 

Right-Hand 
Member  of 
Equation 

a 
o 

Story  No.  15 

Story  No.  16 

Story  No.  17 

Story  No.  18 

o  □< 
S3  (3 

*16 

0A16 

#B15 

RW 

#A16 

#B16 

R17 

#A17 

0B17 

R18 

#A18 

#B18 

Co- 

Coefficients of  Unknown  Slopes  and  Ratios  of  Deflection  to  Story  Height 

efficient 
of  .0001 

113 
114 

t 

a 

1 
1 
1 
1 

—0.0389 
1.4854 
1.0210 

—0.7091 
—1.4913 
—4.0419 
—3.0000 

0.2364 
0.2459 
1.0000 
4.9092 

0.2511 
1.0210 
0.5385 

—2.7480 

0.9161 

0.1414 

0.3210 

—0.5209 

0.0000 

113-114 
113-t 
t-u 

0 
0 
0 

—1.5243 

—1.0599 

1.0210 

0.7822 

3.3328 

—1.0419 

—0.0095 
—0.7636 
—3.9092 

—0.2511 

—1.0210 

0.4825 

2.7480 

—0.9161 

—0.1796 

0.6624 

—0.5209 

115 
116 
117 

V 

1 
1 
1 
1 

—0.5132 
—3.1444 
—1.0206 
—3.0000 

0.0062 

0.7204 

—3.8290 

0.5281 

0.1647 
0.9633 
0.4726 
6.8055 

2.6916 
—2.7161 

—0.8973 

0.9054 

0.1178 
—0.6249 
—0.5102 

0.0000 

115-116 

116-117 

117-v 

0 
0 
0 

2.6312 

—2.1238 

1.9794 

—0.7142 

4.5494 

—4.3571 

—0.7986 

0.4907 

—6.3329 

—2.6916 
5.4077 

0.8973 
—0.8973 

—0.9054 

0.7427 
—0.1147 
—0.5102 

118 
119 

120 

1 
1 
1 

—0.2714 
—2.1422 
—2.2013 

—0.3035 
—0.2310 
—3.1993 

1.2673 
2.7318 

—0.4225 
—0.4533 

—0.4574 

0.2823 

0.0540 

—0.2579 

118-119 
118-120 

0 
0 

1.8708 
1.9299 

—0.0724 
2.8958 

—1.2673 
—2.7318 

0.4225 
0.4533 

0.4574 

0.22S2 
0.5399 

121 

122 
w 

X 

1 
1 
1 
1 

—0.0387 
1.5027 
1.0092 

—0.6774 
—1.4177 
—4.0214 
—3.0000 

0.2259 
0.2353 
1.0000 
5.1753 

0.2374 
1.0092 
0.5878 

—3.0000 

1.0000 

0.1220 

0.2802 

—0.4542 

0.0000 

121-122 

121-w 

w-x 

0 
0 
0 

—1.5414 

—1.0479 

1.0092 

0.7403 

3.3440 

— 1.0214 

—0.0094 
—0.7741 
—4.1755 

—0.2374 

—1.0092 

0.4214 

3.0000 

—1.0000 

—0.1582 

0.5762 

—0.4542 

123 
124 
125 

y 

1 
1 
1 
1 

— 0.4810 
— 3.1958 

—1.0136 
—3.0000 

0.0061 

0.7398 

—4.1437 

0.5833 

0.1542 
0.9630 
0.4182 
7.3021 

2.9773 
—3.0000 

-0.9924 

1.0000 

0.1028 
—0.5507 
—0.4507 

0.0000 

123-124 

124-125 

125-y 

0 
0 
0 

2.7148 

—2.1822 

1.9864 

—0.7337 

4.8835 

—4.7270 

—0.8088 

0.5448 

—6.8839 

—2.9773 
5.9773- 

0.9924 
-0.9924 

-1.0000 

0.6535 
—0.0999 
—0.4507 

126 
127 
128 

1 
1 
1 

—0.2703 
—2.2380 
—2.3797 

-0.2979 
—0.2496 
—3.4655 

1.3644- 
3.0093- 

-0.4548 
-0.4996 

-0.5035 

0.2407 

0.0458 

—0.2269 

126-127 
126-128 

0 
0 

1.9677 
2.1094 

-0.0483 
3.1676 

—1.3644 
—3.0093 

0.4548 
0.4996 

0.5035 

0.1949 
0.4677 
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Table  14. — (Continued). 


Elimination  of  the  Unknown  Quantities  in  the  Equations  for  the  Symmetrical 
Three-Span  Twenty-Story  Bent  Shown  in  Fig.  5. 


Left-Hand  Member  of  Equation 

a 

t_   o 

Story  No.  17 

Story  No.  18 

Story  No.  19 

Story  No.  20 

.  as 

o  o 

*3 

*17 

0A17 

0B17 

^18 

#A18 

#B18 

^19 

#A19 

#B19 

^20 

#A20 

0B2O 

Co- 

Coefficients of  Unknown  Slopes  and  Ratios  of  Deflection  to  Story  Height 

efficient 
of  .0001 

129 

130 

z 

A' 

1 
1 
1 
1 

—0.0215 
1.5017 
1.0092 

—0.6935 
—1.4268 
—4.0214 
—3.0000 

0.2311 
0.2369 
1.0000 
5.1755 

0.2387 
1.0092 
0.5878 

—3.0000 

1.0000 

0.0991 

0.2217 

—0.3412 

0.0000 

129-130 
129-z 
z-A' 

0 
0 
0 

—1.5262 

—1.0337 

1.0092 

0.7333 

3.3279 

— 1.0214 

—0.0057 
—0.7689 
—4.1755 

—0.2387 

—1.0092 

0.4214 

3.0000 

—1.0000 

—0.1226 

0.4403 

—0.3412 

131 
132 
133 
B' 

1 
1 
1 
1 

— 0.4805 

—3.2197 
—1.0120 
—3.0000 

0.0037 

0.7438 

—4.1373 

0.5833 

0.1564 
0.9764 
0.4176 
7.3021 

2.9727 
—3.0000 

—0.9909 

1.0000 

0.0804 
—0.4260 
—0.3381 

0.0000 

131-132 
132-133 
133-B' 

0 
0 
0 

2.7392 

—2.2077 

1.9880 

—0.7401 

4.8811 

—4.7206 

—0.8200 

0.5588 

—6.8846 

—2.9727 
5.9727 

0.9909 
—0.9909 

—1.0000 

0.5063 
—0.0879 
—0.3381 

134 
135 
136 

1 
1 

1 

—0.2702 
—2.2110 
—2.3745 

—0.2993 
—0.2531 
—3.4629 

1.3465 
3.0042 

—0.4485 
—0.4980 

—0.5030 

0.1849 

0.0398 

—0.1701 

134-135 
134-136 

0 
0 

1.9408 
2.1043 

—0.0462 
3.1635 

—1.3465 
—3.0042 

0.4485 
0.4980 

0.5030 

0.1451 
0.3549 

137 
138 
C' 
D' 

1 
1 
1 
1 

—0.0238 
1.5034 
1.0092 

—0.6938 
—1.4277 
—4.0214 
—3.0000 

0.2311 
0.2367 
1.0000 
5.1755 

0.2390 
1.0092 
0.5878 

—3.0000 

1.0000 

0.0747 

0.1687 

—0.2275 

0.0000 

137-138 
137-C 
C'-D' 

0 
0 
0 

—1.5272 

—1.0330 

1 . 0092 

0.7339 

3.3276 

—1.0214 

—0.0056 
—0.7689 
—4.1755 

—0.2390 

—1.0092 

0.4214 

3.0000 

—1.0000 

—0.0939 

0.3022 

—0.2275 

139 
140 
141 
E' 

1 
1 
1 
1 

—0.4806 
—3.2214 
—1.0121 
—3.0000 

0.0036 

0.7444 

—4.1377 

0.5833 

0.1565 
0.9769 
0.4176 
7.3021 

2.9727 
—3.0000 

—0.9909 

1.0000 

0.0615 
—0.2926 
—0.2254 

0.0000 

139-140 
140-141 
141-E' 

0 
0 
0 

2.7408 

—2.2093 

1.9879 

—0.7407 

4.8821 

—4.7210 

—0.8204 

0.5594 

—6.8846 

—2.9727 
5.9727 

0.9909 
—0.9909 

—1.0000 

0.3541 
—0.0672 
—0.2254 

142 

144 

1 
1 
1 

— 0  2703 
—2.2099 
—2.3749 

—0.2993 
—0.2532 
—3.4632 

1.3455 
3.0046 

—0.4485 
—0.4985 

—0.5031 

0-1292 

0.0304 

—0.1134 

142-143 
142-144 

0 
0 

1.9396 
2.1047 

—0.0461 
3.1639 

—1.3455 

—3.0046 

0.4485 
0.4985 

0.5031 

0.0988 
0.2426 

145 
146 
F' 
G' 

1 
1 
1 
1 

-0.0238 
1.5034 
1.0092 

—0.6938 
—1.4278 
—4.0214 
—3.0000 

0.2313 
0.2369 
1.0000 
3.1759 

0.2390 
1.0092 
0.5878 

0.0509 

0.1153 

—0.1137 

0.0000 

145-146 

145-F' 
F'-G' 

0 
0 
0 

—1.5272 

—1.0330 

1.0092 

0.7340 

3.3276 

—1.0214 

—0.0056 
—0.7687 
—2.1759 

—0.2390 

—1.0092 

0.4214 

—0.0643 

0.1647 

—0.1137 

147 
148 
149 
H' 

1 
1 
1 
1 

—0.4806 
—3.2217 
—1.0122 
—3.0000 

0.0037 

0.7442 

—2.1563 

0.5834 

0.1565 
0.9770 
0.4176 
5.3033 

0.0421 
—0.1594 
—0.1127 

0.0000 
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Table  14. — (Continued). 

Elimination  of  the  Unknown  Quantities  in  the  Equations  for  the  Symmetrical 
Three-Span  Twenty-Story  Bent  Shown  in  Fig.  5. 


Left-Hand  Member  of  Equation 

T3^ 

*  °  a 
K  fe  o 

Story  No.  19 

Story  No.  20 

a 
o 

^19 

#A19 

0R19 

^20 

#A20 

#B20 

Co- 

O e« 

O   o> 

Coefficients  of  Unknown  Slopes  and  Ratios  of  Deflection  to  Story  Height 

efficient 
of  .0001 

147-148 
148-149 
149-H' 

0 
0 
0 

2.7411 
—2.2095 

1.9878 

—0.7406 

2.9005 

—2.7397 

—0.8205 
0.5595 

—4.8857 

0.2015 
—0.0467 
—0.1127 

150 
151 
152 

1 
1 
1 

—0.2702 
— 1.3129 
— 1.3783 

—0.2993 
—0.2531 
—2.4580 

0.0735 

0.0211 

—0.0567 

150-151 
150-152 

0 

0 

1.0427 
1.1081 

—0.0462 
2.1587 

0.0524 
0.1302 

153 
154 

1 
1 

—0.0443 
1.9480 

0.0502 
0.1175 

153-154 

—1.9923 

—0.0673 

155 

1.0000 

0.0338 
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Table  15. 

Determination  of  the  Changes  in  the  Slopes  and  of  the  Ratios 
of  Deflection  to  Story  Height  in  the  Symmetrical  Three- 
Span  Twenty-Story  Bent  Shown  in  Fig.  5. 

The  equations  are  taken  from  Table  14. 


No.  of 
Equa- 
tion 


155 


153 


150 


147 


145 


Left-Hand  Member  of  Equation 


The  first  line  in  each  group  is  the  algebraic  form  of  the  equation. 
The  successive  lines  are  the  numerical  values  of  the  terms. 


Right-Hand 

Member  of 

Equation 

Coefficient  of 
.0001 


7B20 


0A2O-  .0443  0 


J  520 


.0443  x  .00000338 


7A20 


R,n~    2702  eA9n  -2993 


■.'(I 


A20 


7B20 


.2702  x  .00000517 
.2993  x   .00000338 


^20      ~ 


0B1V.-  4806  ^20  +  0037  #A20  +   1565  0B2O 


.4806  x  .00000976 

.0037  x  .00000517 
1565  x  .00000338 


7B19 


142 


139 


137 


0A19  -  O2380B19  -  6938  ^20  +  2313  0 


A20 


.0238  x  .00000835 
.6938  x  .00000976 
.2313  x  .00000517 


.0338 


0502 
0015 


.0517 


0735 

.0140 
0101 


.0976 


0421 
0469 


.0890 


0002 
0053 


.0055 
.0835 


.0509 

.0020 
.0676 


.1205 


'A19 


RtQ  —   .2703  0A1Q  —  .2993  0 


"19 


A19 


7B19 


.2703  x  .00001085 
.2993  x  .00000835 


R 


19 


0rix  —  -4806  #iq  +     0037  0Aiq  +   .15660 


19 


A19 


7B19 


4806  x  .00001836 

.0037  x   .00001085 
.1565  x  .00000835 


71U8 


0A18    -  .0238  0B18  -  .6938  R„  +   .2311  0A19 


134 


.0238  x  .00001361 
.6938  x  .00001836 
.2311  x  .00001085 


R1S-   2702  0A18-.  2994 


'B18 


.2702  x  .00001801 
.2994  x  .00001361 


K 


18 


—  .0120 


1085 


1292 
0294 
0250 


.1836 


0615 

0881 


1496 


0004 
0131 


.0135 
.1361 


0748 
0032 
1272 


.2052 
.0251 
.1801 


1849 

0486 
0407 


2742 
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Table  15. — (Continued). 

Determination  of  the  Changes  in  the  Slopes  and  of  the  Ratios 
of  Deflection  to  Story  Height  in  the  Symmetrical  Three- 
Span  Twenty-Story  Bent  Shown  in  Fig.  o. 


No.  of 
Equa- 
tion 

Left-Hand  Member  of  Equation 

The  first  line  in  each  group  is  the  algebraic  form  of  the  equation. 
The  successive  lines  are  the  numerical  values  of  the  terms. 

Right-Hand 

Member  of 

Equation 

Coefficient  of 
.0001 

131 

0B17  —  .4805K18  + 

0038  ^18+     1564  ^B18 

.4805  x 
.0038  x 
. 1564  x 

.00002742 
.00001801 
.00001361 

#R|7 

= 

.0804 
.1319 

2123 

.0007 
0213  — 

.0220 

.1903 

129 

0A17  -    °246  0B17  - 

.6935i?18  +   .2311  0A18 

.0246  x 
.6935  x 

.2311  x 

.00001903 
.00002742 

00001801 

#A17 

= 

.0991 

.0047 
.1905 

2943 

.0416 

.2527 

126 

R17  -  .2703  0A17  — 

.2979  0B17 

.2703  x 
.2979  x 

. 00002527 
.00001903 

*17 

= 

.2407 

.0682 
.0566 

3655 

123 

0B16  -     4810*17   + 

0061  6All  +   .  1542  0B17 

.4810  x 

.0061  x 
.1542  x 

. 00003655 

. 00002527 
.00001903 

#B16 

= 

.1028 
.1758 

.2786 

.0015 
.0294  — 

.0309 

.2477 

121 

0A16  -     °387  0B16  - 

6774#17  +   .2259  0A17 

.0387  x 
.6774  x 

.2259  x 

.00002477 
.00003655 

.00002527 

0A16 

= 

.1220 

.0096 
.2473 

.3789 

.0570 

.3219 

118 

*16  -     2714  *A16  - 

.3035  eBU 

.2714  x 
.3035  x 

.00003219 
.00002477 

^16 

= 

.2823 

.0873 
.0/52 

.4448 

115 

0B15  -     5132*16   + 

.0062  0M6  +   .1647  0R16 

.5132  x 

.0062  x 
.1647  x 

.00004448 
.00003219 
.00002477 

0Rlo 

= 

.1178 
.2280 

.3458 

.0020 
.0408  — 

.0428 

.3030 

113 

0A15  ~     0389  0B15  - 

.7091i?16  +   .2364  0A16 

.0389  x 
.7091  x 

.2364  x 

.00003030 
.00004448 

.00003219 

0A15 

= 

.1414 

.0118 
.3180 

.4712 

0762 

.3950 

110 

*16  -     2718  *AU  - 

.3006  dmb 

.2718  x 
.3006  x 

.00003950 
.00003030 

*li 

= 

.3361 

.1072 
.0912 

.5345 

107 

6BH  -  .5109K15  + 

0120  0A16+     1581^B15 

.5109  x 
.0120  x 
.1581  x 

00005345 
.00003950 
.00003030 

#Bli 

= 

1444 
.2730 

.4174 

.0047 
.0480  — 

0527 

.3647 
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Table  15. — (Continued). 

Determination  of  the  Changes  in  the  Slopes  and  of  the  Ratios 
of  Deflection  to  Story  Height  in  the  Symmetrical  Three- 
Span  Twenty-Story  Bent  Shown  in  Fig.  5. 


No.  of 
Equa- 
tion 

* 
LeftrHand  Member  of  Equation 

The  first  line  in  each  group  is  the  algebraic  form  of  the  equation. 
The  successive  lines  are  the  numerical  values  of  the  terms. 

Right-Hand 

Member  of 

Equation 

Coefficient  of 
.0001 

105 

6AU-  .0775  *B14- 

.6624i?16  +   .2210  0A15 

.0775  x 
.6624  x 

.2210  x 

.00003647 
.00005345 

.00003950 

0A14 

= 

.1627 

.0283 
.3541 

.5451 

— 

.08*3 

.4578 

102 

Rn  -  .2790  6xn  - 

.3096  eBn 

.2790  x 
.3096  x 

.00004578 
.00003647 

Rn 

= 

.3412 

.1278 
.1160 

.5850 

99 

0R13  -  .5928  Ru  + 

0124  0AU  +   ■  1853  0BU 

.5928  x 
.0124  x 
. 1853  x 

.00005850 
.00004578 
.00003647 

#B13 

= 

.1487 
.3470 

.4957 

.0057 
.0676  — 

.0733 

.4224 

97 

#A13  —     °695  0B13  — 

.7560  Ru  +   .2520  0An 

.0695  x 
.7560  x 

.2520  x 

.00004224 
.00005850 

.00004578 

#A13 

= 

.1658 

.0294 
.4420 

.6372 

.1154 

.5218 

94 

R13  -  .2789  0A13  - 

.3092  0m3 

.2789  x 
.3092  x 

.00005218 
.00004224 

Rn 

= 

.3864 

.1458 
.1308 

.6630 

91 

0B12-  -5920K13  + 

0138  0A13  +     1835  <9B13 

.5920  x 

.0138  x 
.1835  x 

.00006630 

.00005218 
. 00004224 

#B12 

= 

.1715 
.3921 

.5636 

.0072 
.0775  - 

.0847 

.4789 

89 

0A12  -     0766  0B12  " 

.7472^  +   .2490  0A13 

.0766  x 
. 7472  x 

. 2490  x 

.00004789 
.00006630 

.00005218 

0A12 

= 

.1816 

.0366 
.4960 

.7142 

.1300 

.5842 

86 

*12   -    -2750  *A1*  - 

.3160  0B12 

.2750  x 
.3160  x 

.00005842 
.00004789 

*12 

= 

.4216 

.1603 
.1511 

.7330 

83 

dmi  -  .6150tf12  + 

.0139  0Al2  +   .1912  0m2 

. 6150  x 

.0139  x 
.1912  x 

.00007330 
.00005842 
.00004789 

#B11 

= 

.1831 
.4512 

.6343 

.0081 
.0916  - 

.0997 

.5346 

81 

6An  -  .0770  0mi  - 

.7560i?12  +     2520  0A12 

.0770  x 
. 7560  x 

.2520  x 

. 00005346 
.00007330 

.00005842 

#All 

= 

.2018 

.0411 
.5550 

.7979 

.1471 

.6508 

78 

ru  -  .2746  0A11  - 

.3147  0Bn 

.2746  x 
.3147  x 

.00006508 
.00005346 

R„ 

= 

.4669 
.1790 
.1681 

.8140 

11 
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Determination  of  the  Changes  in  the  Slopes  and  of  the  Ratios 
of  Deflection  to  Story  Height  in  the  Symmetrical  Three- 
Span  Twenty-Story  Bent  Shown  in  Fig.  5. 


No.  of 
Equa- 
tion 

Left-Hand  Member  of  Equation 

The  first  line  in  each  group  is  the  algebraic  form  of  the  equation. 
The  successive  lines  are  the  numerical  values  of  the  terms. 

Right-Hand 

Member  of 

Equation 

Coefficient  of 
.0001 

75 

^BIO 

-  .6061  Rn  +   .0179  0AU  +  .1841  0Bn 

.6061  x 

.0179  x 
.1841  x 

.00008140 

.00006508 
.00005346 

#B10 

= 

.2178 
.4940 

.7118 

.0116 
.0984  — 

.1100 

.6018 

73 

0.UO 

—   .1082  0B1O  —  .7278£n  +  .2426  0AU 

. 1082  x 
.7278  x 

. 2426  x 

.00006018 
.00008140 

.00006508 

#A10 

= 

.2055 

.6651 
.5925 

.8631 

.1580 

.7051 

70 

^10 

-  .2601  0A1O  -  .3423  0B1O 

.2601  x 
.3423  x 

.00007051 
.00006018 

^10 

= 

.4540 

.1833 
.2059 

.8432 

67 

#B9 

-  .6991  RlQ  +   .0181  0A1Q  +  .2151  0mo 

.6991  x 

.0181  x 
.2151  x 

.00008432 

.C0007051 
.00006018 

#B9 

= 

.2056 
.5890 

.7946 

.0127 
.1293  — 

.1420 

.6526 

65 

#A9 

—  .1038  0fi9  —  .7655i?1Q  +  .2551  0A1O 

.1038  x 
. 7655  x 

.2551  x 

.00006526 
.00008432 

.00007051 

#A9 

= 

.2053 

.0677 
.6460 

.9190 

.1800 

.7390 

62 

*9" 

-  .2602  0A9  -  .3372  0B9 

.2602  x 
.3372  x 

.00007390 
.00006526 

*9 

= 

.4719 
.1922 
.2200 

.8541 

59 

#B8 

—  .6908^  +  .0231  0A9  +  .2072  0B9 

.6908  x 

.0231  x 
.2072  x 

.00008841 

.00007390 
. 00006526 

#B8 

= 

.2008 
.6100 

.8108 

.0171 
.1351  — 

.1522 

.6586 

57 

#A8 

—  .1382  0B8  —  .7000i?9  -f  2334  0A9 

. 1382  x 
.7000  x 

.2334  x 

.00006586 
.00008841 

.00007390 

#A8 

= 

.2079 

.0910 
.6182 

.9171 

•1725 

.7446 

54 

*8" 

-  .2738  0A8  —  .3118  0B8 

.2738  x 
.3118  x 

.00007446 
.00006586 

*8 

= 

.3774 

.2038 
.2055 

.7867 

51 

#B7 

—  .5814  Rs   +  .0112  0A8  -f  .1826  0B8 

.5814  x 

.0112  x 
. 1826  x 

.00007867 
.00007446 
.00006586 

#B7 

= 

.1562 
.4570 

.6132 

.0083 
.1203  - 

.1286 

.4846 

ro 
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Determination  of  the  Changes  in  the  Slopes  and  of  the  Ratios 
of  Deflection  to  Story  Height  in  the  Symmetrical  Three- 
Span  Twenty-Story  Bent  Shown  in  Fig.  5. 


No.  of 
Equa- 
tion 


49 


46 


43 


Left-Hand  Member  of  Equation 


The  first  line  in  each  group  is  the  algebraic  form  of  the  equation. 
The  successive  lines  are  the  numerical  values  of  the  terms. 


0A7  —  .0640  0K1  —  .7422Kg  +   .2474  0Ag 


.0640  x  .00004846 
.7422  x  .00007867 
.2474  x  .00007446 


#7  —  .2711  0A7  —  .3090  0 


B7 


.2711  x  .00006044 
.3090  x  .00004846 


?Bri  -  .5489  R7  +   .0090  0A7  +   -1739  0m 


.5489  x  .00007147 
.0090  x  .00006044 
.1739  x  .00004846 


'A7 


R.    = 


#B6 


Right-Hand 

Member  of 

Equation 

Coefficient  of 
.0001 


.1729 

.0310 
.5845 

.7884 

.1840 

.6044 

.4011 
.1639 
.1497 

.7147 

.1706 
.3920 

.5626 

.0054 
.0842  - 

-.0896 

.4730 


41 


>A6  -  .0540  0B6  -  .7192  i?7  +  .2397  0A7 


.0540  x  .00004730 
.7192  x  .00007147 

.2397  x  .00006044 


.1946 

.0256 

.5140   .7342 


—  .1448 


7A6 


.5894 


38 


35 


flfi-  .2648  0A6  -  3000  6m 


.2648  x  .00005894 
.3000  x  .00004730 


0m  -   .  4496  i?0  +  .0013  0A6   +  .1487  0B6 


.4496  x  .00007197 
.0013  x  .00005894 
.1487  x  .00004730 


.4216 

.1561 
.1420 


R«    = 


.7197 

.1486 
.3240 

.4726 

.0008 
.0704  - 

-.0712 

7B5 


.4014 


:« 


30 


27 


25 


'A5  —  °092  #B5  ~  -6676  i?6  +   .2225  Q 


AS 


.0092  x  .00004014 
.6676  x  .00007197 

.2225  x  .00005894 


.1879 

.0037 

.4802   .6718 


#4F.   — 


R-a  -   .2638  0A5  -  .2981  0m 


.2638  x  .00005408 
.2981  x  .00004014 


'HI 


—   .4348i?fi  +    .0048  0..   +   .1401 


?B5 


.4348  x  .00007093 

.0048  x  .00005408 
.1401  x  .00004014 


#B4  ~ 


#A4  —     0355  #B4   —     6371  ^5   +      2123  e 


Af, 


.0355  x  .00004041 
.6371  x  .00007093 
.2123  x  .00005408 


*A4 


-.1310 


.5408 


.4473 

.1424 
.1196 


.7093 


.1550 

.3080   .4630 


.0026 

.0563  —.0589 


.4041 


.2000 

.0143 

.4515   6658 


—  .1150 
.5508 
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Table  15. — (Continued). 

Determination  of  the  Changes  in  the  Slopes  and  of  the  Ratios 
of  Deflection  to  Story  Height  in  the  Symmetrical  Three- 
Span  Twenty-Story  Bent  Shown  in  Fig.  5. 


No.  of 
Equa- 
tion. 

Left-Hand  Member  of  Equation 

The  first  line  in  each  group  is  the  algebraic  form  of  the  equation. 
The  successive  lines  are  the  numerical  values  of  the  terms. 

Right-Hand 

Member  of 

Equation 

Coefficient  of 
.0001 

22 

fl4  +  .3642  0A4  -  .3206  dBl  -    4044  Rb  + 

.1348  0A- 

.3206  x 
.4044  x 

.3642  x 
. 1348  x 

.00004041 
.00007093 

.00005508 
.00005408 

*4 

= 

.5512 

.1295 

.2862   .96(9 

.2008 

.0729  —.2737 

.6932 

19 

0B3  —  .4696R4  +  .0030  0Ai  +     1535  $m 

.4696  x 

.0030  x 
. 1535  x 

.00006932 

.00005508 
.00004041 

#B3 

= 

.1540 

.3257   .4797 

.0017 

.0620  —.0637 

.4160 

17 

6A3  —   .0196  0m  —   .6881  Ri  +   .2294  0A4 

.0196  x 
.6881  x 

.2294  x 

.00004160 
.00006932 
.00005508 

#A3 

= 

.1917 

.0082 

.4770   .6769 

—  .1263 

.5506 

14 

R3  —  .2689  0A3  —  .2980  0B3 

.2689  x 
.2980  x 

.00005506 
.00004160 

R* 

= 

.4564 
.1481 
.1240 

.7285 

11 

0B2  —  .4511^3  +  .0027  0A3  +  .1476  0m 

.4511  x 

.0027  x 
. 1476  x 

.0000  285 
.00005506 
.00004160 

0B2 

= 

.1768 

.3285   .5053 

.0015 

.0614  —.0629 

.4424 

9 

#A*2  —  °191  #B2  —  6857  K3  +  .2286  0A3 

.0191  x 
.6857  x 
.2286  x 

.00004424 
.00007285 

.00005506 

#A2 

= 

.2151 

.0085 

.4990   .7226 

—  .1259 

.5967 

6 

R%  —  .2627  0A2  —   .2918  $B2 

.2627  x 
.2918  x 

.00005967 
.00004424 

*2 

= 

.5021 

.1565 
.1291 

.7877 

3 

dm  —   .3612  R2  —   .0088  0A2  +  .1292  $B2 

.3612  x 
.0088  x 
. 1292  x 

.00007877 
.00005967 
.00004424 

0B1 

= 

.1483 

.2845 

.0053   .4381 

—  .0572 

.3809 

1 

0Al  +   .0680  0m  —   .6494i?2  +  .2164  0A2 

.6494  x 

.0680  x 
.2164  x 

.00007877 
.00003809 
.00005967 

»A1 

= 

.2667 

.5110   .7777 

.0259 

.1291  —.1550 

.6227 

A 

Rx  —   .2495  0Al  —   .2495  0m 

.2495  x 
.2495  x 

.00006227 
.00003809 

Rl 

= 

.5667 
.1553 
.0951 

.8171 

;•> 
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Table  16. 

Values  of  R  and  9  for  the  Symmetrical  Three-span  Twenty- 
Story  Bent  Shown  in  Fig.  5,  and  the  Functions  of  these 
Values  that  Occur  in  the  Equations  Used  to  Determine  the 
Moments  in  the  Columns  and  Girders. 


For  Column  A* 

For  Column  B 

£ 

£ 
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£j 

CO 

1 
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CO 
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>> 
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o 

2    < 

2     « 

o 

2     fc 

2     z 

2       Z 

©     z 

>> 

b. 

o 

o 

o 

o 

o 

o 

©.  <c 

°.  <*> 

o 

©.  <£ 
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©-  <cT 
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an 

o 

o 
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o 

o 

© 

O    <M 

O    IM 

©* 

O    <M 

O    <N 

O     CM 

O    CM 

ZJ1 

1 

8171 

.6227 

.3809 

2.4413 

1.2454 

.7618 

1.6263 

1 . 3845 

1.1427 

1.8186 

1 . 1959 

2.0604 

1.6795 

1 

2 

.7877 

.5967 

.4424 

2.3631 

1  1934 

.8848 

1.6358 

1.4815 

1.3372 

.5210 

.5470 

1.1589 

1.0974 

2 

3 

.7285 

.5505 

.4160 

2.1855 

1.1012 

8320 

1.5172 

1.3826 

1 . 2480 

.4415 

.4876 

.8847 

.9111 

3 

4 

.6932 

.5503 

.4011 

2.0793 

1.1016 

.8082 

1.5057 

1 . 3590 

1.2123 

.4276 

.4274 

.8435 

.8554 

4 

5 

.7093 

.5403 

.4014 

2.1279 

1.0816 

.8028 

1 . 4830 

1.3436 

1 . 2042 

.4855 

.4955 

.9183 

.9210 

5 

6 

.7197 

.5894 

.4730 

2.1591 

1.1783 

.9160 

1.6518 

1.5354 

1.4190 

.4881 

.4395 

.8833 

.8117 

6 

7 

.7147 

.6014 

.4346 

2.1441 

1.2038 

.9692 

1 . 6934 

I . 5736 

1.4538 

.3609 

.  3459 

.7135 

.7019 

7 

8 

.7867 

.7446 

.6586 

2.3601 

1.4892 

1.3172 

2.1478 

2.0618 

1.9758 

.4067 

.2665 

.7323 

.5583 

8 

9 

.8841 

.7390 

.6526 

2.6523 

1.4780 

1.3052 

2 . 1306 

2.0442 

1.9578 

.4241 

.4297 

.6825 

.6885 

9 

10 

.8432 

.7051 

.6018 

2.5296 

1  4102 

1.2036 

2,0120 

1.9087 

1.8054 

.3465 

.3804 

.6226 

.6734 

10 

11 

.8140 

.6503 

.5346 

2.4420 

1.3016 

1.0692 

1  8362 

1  7200 

1.6038 

.3810 

.4353 

.7038 

.7710 

11 

12 

.7330 

.5842 

.4789 

2 . 1990 

1 . 1684 

.9578 

1 . 6473 

1 . 5420 

1.4367 

.3132 

.3798 

.6509 

7066 

12 

13 

.6630 

.5218 

.4224 

1.9890 

1.0436 

.8448 

1.4660 

1.3666 

1.2682 

.2988 

.3612 

.6088 

.6653 

13 

14 

.5850 

.4578 

.3647 

1.7550 

.9156 

.7294 

1 . 2803 

1.1872 

1.0941 

.2536 

.3176 

.5455 

.6032 

14 

15 

.5345 

.3950 

.3030 

1.6035 

.7900 

.6060 

1.0930 

1.0010 

.9090 

.2929 

.3557 

.5711 

.6328 

15 

16 

.4448 

.3219 

.2477 

1.3344 

.6433 

.4954 

.8915 

.8173 

.7431 

.2225 

.2956 

.4807 

.5360 

16 

17 

.3655 

.2527 

.  1903 

1.0965 

.5054 

.3806 

.6957 

.6333 

.5709 

.2000 

.2692 

.4108 

.4682 

17 

18 

.2742 

.1801 

.1361 

.8226 

.3602 

.2722 

.4963 

.4523 

.4083 

.  1371 

.2097 

.3059 

.3601 

18 

19 

.1836 

.1085 

.0335 

.5503 

.2170 

.1670 

.  3005 

.2755 

.2505 

.0821 

.1537 

.1951 

.2477 

19 

20 

.0976 

.0517 

.0338 

.2923 

.  1034 

.0676 

.1372 

.1193 

.1014 

.0231 

.0809 

.0920 

.1417 

20 

*  N  represents  the  number  of  the  story  in  question,  and  ( N — 1)  the  story  below. 
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Table  17. 

Values  of  K  for  the  Columns  and  the  Girders  of  the  Symmetri- 
cal Three-span  Twenty-story  Bent  Shown  in  Fig.  5,  and  the 
Functions  of  these  Values  that  Occur  in  the  Equations 
Used  to  Determine  the  Moments  in  the  Columns  and  Girders. 


6 
>> 

O 

53 

K  for  Girder 

at  Top  of 

Story  in 

Kfor 

.0001  x2EK  for 

Girder  at  Top  of 

Story  in 

.0001  x 

2EK  for 

Bay 
a 

Bay 

b 

Column 
A 

Column 
B 

Bay 

a 

Bay 
b 

Column 
A 

Column 
B 

1 
2 

3 

30.5 
21.4 
21.4 

37.3 
29.2 
26.2 

25.8 
35.6 
35  4 

25.8 
35.6 
35.5 

111  000 
124  100 
124  100 

216  200 
169  400 
152  000 

149  600 
206  300 
205  500 

149  600 
206  300 
205  800 

4 
5 

19.5 
19.5 

26.2 

23.8 

35.4 

29.4 

35.5 
30.4 

113  050 
113  050 

152  000 
138  050 

205  500 
170  500 

205  800 
176  300 

6 
7 
8 

14.1 

12.8 

7.7 

17.2 

15.7 

9.4 

29.4 

28.7 
28.7 

30.4 
30.0 
30.0 

81  750 
74  250 
44  600 

99  700 
91  100 
54  500 

170  500 
166  500 
166  500 

176  300 
174  000 
174  000 

9 
10 

7.7 
7.7 

9.4 
9.4 

21.1 
21.1 

26.1 
26.1 

44  600 
44  600 

54  500 
54  500 

122  400 
122  400 

151  300 
151  300 

11 

12 
13 

7.7 
7.7 
7.7 

9.4 
9.4 
9.4 

18.8 
18.8 
18.3 

19.9 
19.9 
18.6 

44  600 
44  600 
44  600 

54  500 
54  500 
54  500 

109  000 
109  000 
106  100 

115  400 
115  400 
107  900 

14 
15 

7.7 
7.7 

9.4 
9.4 

18.3 
14.3 

18.6 
14.6 

44  600 
44  600 

54  500 
54  500 

106  100 

82  900 

107  900 
84  600 

16 
17 
18 

7.7 
7.7 
7.7 

9.4 
9.4 
9.4 

14  3 
13.1 
13.1 

14.6 
13.2 

13.2 

44  600 
44  600 
44  600 

54  500 
54  500 
54  500 

82  900 
76  000 
76  000 

84  600 
76  500 
76  500 

19 
20 

7.7 

7.7 

9.4 
9  4 

13.1 
13.1 

13.2 
13.2 

44  600 
44  600 

54  500 
54  500 

76  000 
76  000 

76  500 
76  500 

;  i 
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Table  18. 

Moments  at  the  Ends  of  the  Columns  and  Girders  of  the  Sym- 
metrical Three-span  Twenty-story  Bent  shown  in  Fig.  5. 

Moments  are  expressed  in  inch-pounds. 


Moment  in 

Column  A* 

Moment  in 

Column  B 

Moment  in  Girder 

at  Top  of  Story 

in  Bay  a 

Moment  in 

Girder  at  Top 

of  Story  in 

Bay  b 

<£ 

&i 

as 

&S 

II 

CO 

CO 

CO 

CO 

II 

1 

| 

1 

T3 

X. 

z 

a 

"O 

T 

■35 

7 

<5> 

W    —* 

a    •— 

4- 

S5 

<*> 

+ 

•§  £ 

&3     < 

II 

>> 

+ 

II      f 

+ 

II  T 

SJ     -f- 

T3       I 

c  -r 

d    -- 

O 

II     85 

II    ^ 

ii 

II     OS 

li 

rvi     a 

m 

~     <M 

~    94 

^  °* 

■g    <M 

-C    N 

J,    <M 

•g  M 

*o 

O 

o  w 

o 

o  "— ' 

«  w 

h3  H 

6 

*a  £3 

*»  W 

■5  W 

«2  W 

■s  w 

^  W 

•z  w 

2 

<i    (M 

■<     <M 

•<     CM 

•<    <M 

•<     <M 

•<    <M 

<:  <m 

1 

178  800 

272  000 

251  000 

308  200 

287  800 

245  000 

247  500 

2 

113  000 

107  500 

226  500 

239  000 

203  000 

184  000 

226  000 

3 

100  300 

90  700 

187  500 

182  000 

187  100 

171  700 

189  600 

4 

87  800 

87  800 

176  100 

173  500 

170  500 

153  600 

184  400 

5 

84  500 

82  800 

162  300 

162  000 

167  700 

152  000 

166  000 

6 

75  000 

83  200 

143  300 

155  700 

135  000 

125  600 

141500 

7 

57  600 

60  000 

122  000 

124  000 

125  900 

117  000 

132  500 

8 

44  400 

67  700 

97  200 

127  500 

95  800 

92  000 

107  800 

9 

52  550 

51  900 

104  200 

103  300 

95  000 

91  100 

106  800 

10 

46  500 

42  400 

102  000 

94  200 

89  600 

85  000 

98  500 

11 

47  500 

41  500 

89  000 

81  200 

81  900 

76  600 

87  500 

12 

41  400 

34  100 

81  500 

75  100 

73  400 

68  600 

78  300 

13 

38  300 

31  700 

71  800 

65  600 

65  300 

60  800 

69  100 

14 

33  700 

26  900 

65  100 

58  900 

5  700 

52  800 

59  600 

15 

29  420 

24  300 

53  600 

48  350 

48  700 

49  600 

49  600 

16 

24  450 

18  450 

45  400 

40  600 

39  700 

36  400 

40  500 

17 

20  450 

15  400 

35  800 

31400 

31000 

28  200 

31  100 

18 

15  920 

10  430 

27  600 

23  400 

22  100 

20  150 

22  300 

19 

11  680 

6  240 

18  900 

14  930 

13  380 

12  250 

13  650 

20 

6  150 

1  750 

10  830 

7  040 

6  110 

5  320 

5  530 

*N  represents  the 
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Table  19. 

Direct  Stresses  in  the  Columns,  and  the  Shears  in  the  Columns 
and  Girders  of  the  Symmetrical  Three-span  Twenty-story 
Bent  shown  in  Fig.  5. 

All  quantities  are  in  pounds. 


6 
j5 

Shear  in 

Shear  in  Girder  at 
Top  of  Story  in 

Direct  Stress  in 

u 

o 

Column 
A 

Column 
B 

Bay 

a 

Bay 
b 

Column 
A 

Column 
B 

1 

2 
3 

4 
5 

6 

7 
8  - 

9 
10 

11 
12 
13 

14 
15 

16 
17 
18 

19 
20 

1  709 
1  149 
1  136 

1044 
995 

940 
816 
779 

725 
617 

618 
524 

486 

421 
373 

298 
249 
182 

124 
55 

2  115 
2  421 

2  200 

2  080 
1  931 

1  780 
1  709 
1  560 

1440 
1363 

1  180 

1088 

954 

861 
710 

597 
466 
354 

235 
124 

2  020 
1  467 
1  360 

1  228 
1  210 

986 
920 
712 

705 
661 

600 
538 

478 

416 
354 

288 
221 
160 

97 
43 

2  290 
2  095 
1755 

1  709 
1  536 

1  310 

1228 

996 

988 
912 

810 
725 
640 

552 
459 

375 

288 
206 

126 
51 

14  464 
12  444 
10  977 

9  617 
8  389 

7  179 
6  193 
5  273 

4  561 
3  856 

3  195 
2  595 
2  057 

1  579 
1  163 

809 
521 
300 

140 
43 

4  587 
4  317 
3  689 

3  294 
2  813 

2  489 
2  163 
1  855 

1571 

1288 

1037 

827 
640 

478 
342 

237 
150 

83 

37 

8 

76 
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Table  20. 

Check  on  the  Numerical  Values  of  the 
Moments  at  the  Ends  of  the  Columns  and 
Girders  of  the  Symmetrical  Three-Span 
Twenty-Story  Bent  Shown  in  Fig.  5. 

Quantities  are  in  inch-pounds. 

For  a  perfect  check  the  corresponding  quantities  in  the  two  columns  of  each 
group  of  columns  should  be  identical. 


, 

<D  — 

a  s  e« 

a>  a 

a  &  a 

£  >>° 

'-2 
13 

■5  «« 

3  aj't; 

■°  2 

£J2f2 
3  a>tri 

T3  -►= 

03  q 
D.CO 
'.  a> 

on  EcO 

ScQ 

£  »  s 

-a  6 

J3fl  O 

u   a 

II* 

4>    - 

BSGU 

•fa  >."o 

o  go 

.s33  s 

3Jj 

O  43 

03  C3  Cj 

S  >-o 
o  o  a 

.£CO-P> 

.2  a* 

a  »  * 

6 

o 
eg 

CO.T2 

—  -a 
a   <d 

1" 

-  a*3 
S  o«„ 

3H  o 
CO 

43    « 

S  .fa  9 

CO 

<u  °  « 

s  g..a 

"3  3  feco 
3CQO  o 

CO 

-3   SI 

-<j  .O  "£  C 

S  ^  o 

3  «  ciO 
CO 

1 

2  035  000 

2  020  000 

286  300 

287  800 

490  000 

492  500 

2 

1  370  000 

1  372  000 

203  700 

203  COO 

408  500 

410  000 

3 

1  123  000 

1  121  000 

187  100 

188  100 

361  000 

361  300 

4 

1  053  000 

1  050  400 

170  500 

170  600 

338  100 

338  000 

5 

983  000 

983  200 

167  700 

167  700 

318  000 

318  000 

6 

913  000 

914  400 

135  000 

135  000 

267  300 

267  100 

7 

725  000 

727  200 

125  900 

125  300 

249  500 

249  500 

8 

673  000 

673  600 

95  800 

96  300 

200  500 

199  800 

9 

622  000 

624  000 

95  000 

94  950 

198  400 

197  900 

10 

570  000 

570  200 

89  600 

88  000 

183  200 

183  500 

11 

518  000 

518  400 

81900 

81  600 

164  100 

164  100 

12 

466  000 

464  200 

73  400 

72  100 

147  100 

146  900 

13 

414  000 

414  800 

65  300 

65  200 

130  700 

129  900 

14 

363  000 

369  200 

57  000 

58  000 

113  450 

112  400 

15 

311000 

311  400 

48  700 

47  870 

94  200 

94  200 

16 

259  000 

259  800 

39  700 

39  850 

76  800 

76  900 

17 

207  500 

206  200 

31000 

30  880 

59  200 

59  300 

18 

155  300 

154  800 

22  100 

22  160 

42  530 

42  450 

19 

103  600 

103  500 

13  380 

13  430 

25  940 

25  900 

20 

51800 

51540 

6  110 

6  150 

10  830 

10  850 
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Table  21. 

Elimination  of  the  Unknown  Quantities  in  the  Equations 
Used  to  Determine  the  Slopes  and  the  Deflections  in 
the  Bottom  Story  of  the  Symmetrical  Three-Span 
Twenty-Story  Bent  Shown  in  Fig.  5,  by  a  Modification 
of  the  Slope-Deflection  Method. 


Left-Hand  Member  of  Equation 

go 

W  S3  © 

a 

Story  No.  1 

Story  No.  2 

Story 
No.  3 

.A -2+3 

o  cr 

«1 

0A1 

#B1 

R2 

#A2 

#B2 

RS 

Co- 

Coefficients of  Unknown  Slopes  and  Ratios  of  Deflection  to  Story  Height 

efficient 
of .0001 

A 
B 
C 

—200.8 

-  77.4 

—  77.4 

51.6 

183  8 

30.5 

51.6 

30.5 

295.7 

—106.8 
—106.8 

35.6 

35.6 

—117.2 
0.0 
0.0 

D 
E 

F 

71.2 
35.6 

71.2 
35.6 

—284.8 
—106.8 
—106.8 

71.2 

220.2 

21.4 

71.2 

21.4 
308.1 

—106.2 
—106.5 

—  78.9 
0.0 
0.0 

G 

141.6 

142.0 

— 2S3 . 6 

—  64.5 

A 
B 
C 

1 
1 
1 

— 0  2495 
—2  3  47 
—0.3941 

—0.2495 
—0.3941 
—3.8204 

1.3798 
1.3798 

—0.4599 

—0.4599 

0.5667 
0.0000 
0.0000 

A-B 
B-C 

0 
0 

2.1252 
—1.9807 

0.1445 
3  4264 

—1.3798 

0.4599 
—0.4599 

0.4599 

0.5667 
0.0000 

1 
2 
D 

E 

1 

1 
1 

1 

0.0680 

—1.7300 

1.0000 

—0.6494 

—4.0000 
—3.0000 

0.2164 
0.2322 
1.0000 
6.1856 

—0.2322 
1.0000 
0.6012 

—2.9834 

0.2667 

0.0000 

—1.1082 

0.0000 

1-2 
2-D 

d-e 

0 
0 
0 

1.7980 

—2.7300 

1.0000 

—0.6494 

4.0000 

—1.0000 

—0.0158 
—0.7678 
—5.1856 

0.2322 

—1.2322 

0.3988 

2.9834 

0.2667 

1 . 1082 

—1.1082 

3 
4 
5 
F 

1 
1 
1 
1 

—0.3612 
—1.4652 
—1.0000 
—3.0000 

—0.0088 
0.2812 

—5.1856 
0.6012 

0.1292 
0.4513 
0.3988 
8.6547 

2.9834 
—2.9915 

0.1483 
—0.4059 
—1 .  1082 

0.0000 

3-4 
4-5 
5-F 

0 
0 
0 

1.1041 

—0.4552 
2.0000 

—0.2900 

5.4668 

—5.7868 

—0.3222 
0.0525 
8.2559 

—2.9834 
5.9749 

0.5543 

0.7023 

—1.1082 

6 

7 
8 

1 
1 

1 

—0.2627 

—11.7518 

—2.8934 

—0.2918 
—0.1128 
—4.1279 

6.4127 

2.9875 

0.5021 
—1.5095 
—0.5541 

0-7 

7-8 

0 
0 

11.4891 
— S . 85S4 

—0.1790 
4.0151 

—6  4127 
3.4252 

2.0116 
—0.9554 

9 

10 

G 

1 
1 
1 

—0.0156 

—0.4540 

1.0030 

—0.5600 
—0.3862 
—2.0010 

0.1750 

0.1079 

—0.4555 

9-10 
10-G 

0 
0 

0.4384 
—1.4570 

—0.1738 
1.6148 

0.0671 
0.5634 

11 
12 

1 
1 

—0.3961 
—1   1090 

0.1530 
—0.3865 

11-12 

0 

0.7131 

0.5395 

13 

1 

I 

0.7560 

rs 
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Table  22. 

Determination  of  the  Changes  in  the  Slopes  and  the  Ratio 
of  the  Deflection  to  Story  Height  in  the  Bottom  Story  of 
the  Symmetrical  Three-Span  Twenty-Story  Bent  Shown  in 
Fig.  5,  by  a  Modification  of  the  Slope-Deflection  Method. 


No.  of 
Equa- 
tion 

Left-Hand  Member  of  Equation 

The  first  line  in  each  group  is  the  algebraic  form  of  the  equation. 
The  successive  lines  are  the  numerical  values  of  the  terms. 

Right-Hand 

Member  of 

Equation 

Coefficient  of 
.0001 

13 

*3 

= 

.7560 

11 

#B2 

—  .3961  Kg 

.3961  x 

.00007560 

#B2 



.1530 
.2995 

.4525 

9 

#A2 

—  .0156    0R2  —  .5600  /?3 

.0156  x 
.5600  x 

.00004525 
.00007560 

#A2 

= 

.1750 

.0071 
.4240 

.6061 

6 

R2 

-  .2627    0A2  —  .2918    0B2 

.2627  x 
.2918  x 

.00006061 
.00004525 

R2 

= 

.5021 

. 1593     * 
.1320 

.7934 

3 

0B1" 

-  .3612  R2—  .0088    0Ag  + 

1292    0fi2 

.3612  x 
.0088  x 
. 1292  x 

.00007934 
.00006061 

.00004525 

0B1 

= 

.1483 

.2865 
.0053 

.4401 

.0585 

.3816 

1 

0A1 

+     0680    0B1—    6494  R^  + 

.2164    0A2 

.6494  x 

.0680  x 
.2164  x 

00007934 
.00003816 
.00006061 

#A1 

= 

.2667 
.5150 

.7817 

.0260 
.1313  — 

.1573 

.6244 

A 

«1 

-  .2495    0A1  -   .2495    0m 

.2495  x 
. 2495  x 

.00006244 
.00003816 

*1 

= 

.5667 

.1556 
.0951 

.8174 
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Table  27. 


Effect  of  the  Proportions  of  a  Bent  Upon  the  Accuracy  of  Method  I. 
All  Girder  Sections  Are  the  Same. 

AH  stories  of  a  bent  are  identical,  and  the  shears  on  all  stories  are  equal.    All  column  sections  are  equal,  all  girder  sections 
are  equal,  and  the  column  sections  are  equal  to  the  girder  sections. 

For  each  bent  the  upper  line  is  the  moment  in  per  cent  of  W  x  h,  and  the  lower  line  is  the  moment  in  per  cent  of  the  moment 

determined  by  the  slope-deflection  method. 


Proportions  of 
the  Bent 

Moment  at  Top 

and  Bottom  of 

Column  A 

Moment  at  Top 

and  Bottom  of 

Column  B 

Moment  at  Right 
End  of  Girder  a 

Moment  at  Left 
End  of  Girder  a 

Moment  at  End 
of  Girder  b 

6 

"3 

o 
QQ 

Ratio  of 

Story 

Height 

to  Width 

of  Bay  a 

Ratio  of 
Width  of 
Bay  a  to 
Width  of 
Bay  ft 

Slope- 
Deflec- 
tion 
Method 

Method 
I 

Slope- 
Deflec- 
tion 
Method 

Method 
I 

Slope- 
Deflec- 
tion 
Method 

Method 
I 

Slope- 
Deflec- 
tion 
Method 

Method 
I 

Slope- 
Deflec- 
tion 
Method 

Method 
I 

1 

2 
3 

2 
2 
2 

2 
1 
0.5 

9.09 

100  .0 

10.00 

lOO  .0 

10.87 

IOO.O 

9.62 
103.9 

7.50 

75-0 

5.00 
46 .0 

15.91 
100.0 

15.00 

700.0 

14.13 

100 .0 

15.38 
96.5 

17.50 
116 .5 

20.00 
141  -5 

18.20 
IOO  .0 

20.00 
100.0 

21.70 

IOO  .0 

19.24 

105.9 

15.00 

75.0 

10.00 
46.1 

13.67 

700. 0 

16.66 

700.0 

19.54 

700.0 

19.24 

140.7 

15.0 
90 .0 

10.00 

51  -2 

18.20 
700. 0 

13.33 
100.0 

8.70 

700. O 

11.52 

63.2 

20.00 

7J0.0 

30.00 
345-0 

4 
5 
6 

1 
1 

1 

2 
1 
0.5 

8.09 

100.0 

9.38 

IOO.O 

10.53 

IOO.O 

9.62 
119.00 

7.50 

79-9 

5.00 

47  -5 

16.91 

100.0 

15.62 
100.0 

14.47 

100 .0 

15.38 
90.9 

17.50 

77/  .0 

20.00 
138.0 

16.18 
100.0 

18.75 
IOO  .0 

21.04 

/OO. O 

19.24 

7/0.3 

15.00 
80.0 

10.00 

47-5 

13.23 

700.0 

16.66 

700.0 

19.74 

700.0 

19.24 
145.5 

15.00 

90 .0 

10.00 
50.6 

20.60 

700.0 

14.60 

700.0 

9.20 

700.0 

11.52 
55-9 

20.00 
137  0 

30.00 

J26".0 

7 
8 
9 

0.5 
0.5 
0.5 

2 
1 

0.5 

7.32 

IOO.O 

8.93 

IOO  .0 

10.33 

IOO.O 

9.62 
131  -3 

7.50 
83.9 

5.00 
48.4 

17.67 
100.0 

16.06 
IOO  .0 

14.68 
IOO  .0 

15.38 

87.0 

17.50 
108.7 

20.00 
1 36. 1 

14.66 

700.0 

17.84 

700.0 

20.61 

700.0 

19.24 

131  0 

15.00 
83.9 

10.00 
48.5 

12.93 

700.0 

16.66 

700.0 

19.76 

700.0 

19.24 
149  0 

15.00 

90.00 

10.0 

50.6 

22.40 
700.0 

15.45 
700.0 

9.60 

700.0 

11.52 
51-  3 

20.00 
129-5 

30.00 
312 .0 
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Table  28. 

Effect  of  the  Proportions  of  a  Bent  Upon  the  Accuracy  of  Method  I, 

All  Girders  Proportional  to  the  Bending  Moments. 


All  stories  of  a  bent  are  identical  and  the  shears  on  all  stories  are  equal.  All  column  sections  are  equal,  the  moments  of 
inertia  of  column  A  and  girder  a  are  equal,  and  the  ratio  of  the  moment  of  inertia  of  girder  a  to  the  moment  of  inertia  of 
girder  b  equals  the  ratio  of  the  bending  moment  in  girder  a  to  the  bending  moment  in  girder  b,  as  determined  by  method  I. 

For  each  bent  the  upper  line  is  the  moment  in  per  cent  of  W  x  h,  and  the  lower  line  is  the  moment  in  per  cent  of  the  moment 

as  determined  by  the  slope-deflection  method. 


Proportions  of 
the  Bent 

Moment  at  Top 

and  Bottom  of 

Column  A 

Moment  at  Top 

and  Bottom  of 

Column  B 

Moment  at  Right 
End  of  Girder  a 

Moment  at  Left 
End  of  Girder  a 

Moment  at  End 
of  Girder  b 

6 

a 
CQ 

Ratio   of 

Story 

Height 

to  Width 

of  Bay  a 

Ratio  of 
Width  of 
Bay  a  to 
Width  of 
Bay  b 

Slope- 
Deflec- 
tion 
Methed 

Method 
I 

Slope- 
Deflec- 
tion 
Method 

Method 
I 

Slope- 
Deflec- 
tion 
Method 

Method 
I 

Slope- 
Deflec- 
tion 
Method 

Method 
I 

Slope- 
Deflec- 
tion 
Method 

Method 

I 

1 
2 
3 

2 
2 
2 

2 

1 
0.5 

9.75 

100  .0 

9.60 

IOO  .0 

9.45 

IOO  .0 

-9.62 
98.8 

7.50 

78.1 

5.00 

52.9 

15.25 
100.0 

15.40 

IOO  .0 

15.55 
IOO  .0 

15.38 
100.5 

17.50 

H3-6 

20.00 
129.0 

19.50 

IOO  .0 

19.2 
100.0 

18.9 
100.0 

19.24 
98.8 

15.00 
78.1 

10.00 
52.9 

16.05 
IOO  .0 

15.60 

IOO  .0 

15.10 

IOO  .0 

19.24 

120.0 

15.00 

96 . 1 

10.00 

66.3 

14.15 
100.0 

15.20 
100.0 

16.00 
100.0 

11.52 
79-6 

20.00 
1 31. 5 

30.00 
187.5 

4 
5 
6 

1 

1 
1 

2 
1 
0.5 

9.05 

IOO  .0 

8.85 

IOO  .0 

8.60 

100.0 

9.62 
106.2 

7.50 
84.8 

5.00 
58.0 

15.95 
100.0 

16.15 
100.0 

16.40 
IOO  .0 

15.38 
96 .2 

17.50 
108.3 

20.00 
122 .0 

18.10 
IOO  .0 

17.70 
IOO  .0 

17.20 
100.0 

19.24 
106.2 

15.00 
84.8 

10.00 

58. 1 

15.70 

700.0 

15.20 
IOO  .0 

14.7 
IOO  .0 

19.24 
122.5 

15.00 
98.8 

10.00 
68.0 

16.20 

IOO  .0 

17.10 

IOO  .0 

18.1 

IOO  .0 

11.52 
92 .6 

20.00 
117 .0 

30.00 
165.8 

7 
8 
9 

0.5 
0.5 
0.5 

2 
1 
0.5 

8.55 

IOO  .0 

8.30 

IOO  .0 

8.00 

IOO  .0 

9.62 
112. 5 

7.50 
90.3 

5.00 
62.5 

16.45 
1 00.0 

16.70 
IOO  .0 

17.00 
IOO  .0 

15.38 

93-2 

17.50 
105.0 

20.00 
H7-5 

17.10 
100.0 

16.60 
100.0 

16.00 
100.0 

19.24 

112 .5 

15.00 
90.4 

10.00 
62.5 

15.80 
IOO  .0 

15.20 

IOO  .0 

14.60 
IOO  .0 

19.24 
122 .0 

15.00 
98.8 

10.00 

68.5 

17.1 
IOO  .0 

18.2 
IOO  .0 

19.4 
IOO  .0 

11.52 
67.3 

20.00 
no  .0 

30.00 
154.8 
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Table  29. 

Effect  of  the  Proportions  of  a  Bent  Upon  the  Accuracy  of 

Method  II. 

All  stories  of  a  bent  are  identical  and  the  shears  on  all  stories  are  equal.  All  column  sections  are  equal,  the  moments  of 
inertia  of  column  A  and  girder  a  are  equal,  and  the  ratio  of  the  moment  of  inertia  of  girder  a  to  the  moment  of  inertia  of 
girder  b  equals  the  ratio  of  the  bending  moment  in  girder  a  to  the  bending  moment  in  girder  b,  as  determined  by  method  II . 

For  each  bent  the  upper  line  is  the  moment  in  per  cent  of  W  x  h,  and  the  lower  line  is  the  moment  in  per  cent  of  the  moment 

as  determined  by  the  slope-deflection  method. 


Proportions  of 
the  Bent 

Moment  at  Top 

and  Bottom  of 

Column  A 

Moment  at  Top 

and  Bottom  of 

Column  B 

1 

Moment  at  Right 
End  of  Girder  a 

Moment  at  Left 
End  of  Girder  a 

Moment  at  End 
of  Girder   b 

d 

H 

Ratio  of 

Story 

Height 

to  Width 

of  Bay  a 

Ratio  of 
Width  of 
Bay  a  to 
Width  of 
Bay  b 

Slope- 
Deflec- 
tion 
Method 

Method 
II 

Slope- 
Deflec- 
tion 
Method 

Method 
II 

Slope- 
Deflec- 
tion 
Method 

Method 
II 

Slope- 
Deflec- 
tion 
Method 

Method 
II 

Slope- 
Deflec- 
tion 
Method 

Method 
II 

1 

2 

2 

9.65 

12.50 

15 .  35 

12.50 

19.30 

25.00 

-15.45 

8.33 

15.25 

16.66 

IOO.  0 

120. 5 

700.0 

81.5 

700.0 

129.5 

700.0 

53-9 

100 .0 

109.3 

2 

2 

1 

10.55 

12.50 

14.45 

12.50 

21.10 

25 .  00 

18.30 

8.33 

10.60 

16.66 

700.  O 

118.5 

700.0 

86.5 

700.0 

77.?. 5_ 

700. 0 

45.6 

700.0 

1 57. 1 

3 

2 

0.5 

11.25 

12.50 

13.75 

12.50 

22.50 

25.00 

20.95 

8.33 

6.55 

16.66 

IOO  .0 

777  .0 

700.0 

91 . 0 

700.0 

777.7 

100 .0 

39-8 

700. 0 

255-0 

4 

1 

2 

8.82 

12.50 

16.18 

12.50 

17.64 

25.00 

15.26 

8.33 

17.10 

16.66 

IOO  .0 

141.8 

700.0 

77-3 

700.0 

141. 8 

700.0 

54-6 

700.0 

97  -5 

5 

1 

1 

10.10 

12.50 

14.90 

12.50 

20.20 

25.00 

18.45 

8.33 

11.35 

16.66 

IOO  .0 

123.8 

700.0 

83.9 

700. 0 

124.0 

700.0 

45.20 

700.0 

146.8 

6 

1 

0.5 

11.00 

12.50 

14.00 

12.50 

22.00 

25.00 

21.20 

8.33 

6.80 

16.66* 

700.0 

H3-5 

700.0 

89.3 

700.0 

113-7 

700.0 

39-3 

700.0 

245 -o 

7 

0.5 

2 

8.30 

12.50 

16.70 

12.50 

16.60 

25.00 

15.20 

8.33 

18.20 

16.66 

700.0 

150.6 

700.0 

74-9 

700.0 

150.7 

700.0 

54-9 

700.0 

91 .6 

8 

0.5 

1 

9.80 

12.50 

15.20 

12.50 

19.60 

25.00 

18.55 

8.33 

11.85 

16.66 

700.0 

127.5 

700. 0 

82.3 

700. 0 

127 .0 

700.0 

44-9 

700.0 

140.5 

9 

0.5 

0.5 

10.85 

12.50 

14.15 

12.50 

21.70 

25.00 

21.40 

8.33 

6.9 

16.66 

700.0 

775.2 

700.0 

88.4 

700.0 

775.0 

700. 0 

38.9 

700.0 

241  -5 

86 


ILLINOIS    ENGINEERING    EXPERIMENT    STATION 


Table  30. 

Effect  of  the  Proportions  of  a  Bent  Upon  the  Accuracy 

of  Method  III. 

All  stories  of  a  bent  are  identical  and  the  shears  on  all  stories  are  equal.  All  column  sections  are  equal,  the  moments  of 
inertia  of  column  A  and  girder  a  are  equal,  and  the  ratio  of  the  moment  of  inertia  of  girder  a  to  the  moment  of  inertia  of 
girder  b  equals  the  ratio  of  the  bending  moment  in  girder  a  to  the  bending  moment  in  girder  b,  as  determined  by  method  III. 

For  each  bent  the  upper  line  is  the  moment  in  per  cent  of  W  x  h,  and  the  lower  line  is  the  moment  in  per  cent  of  the  moment 

as  determined  by  the  slope-deflection  method. 


Proportions  of 
the  Bent 

Moment  at  Top 

and  Bottom  of 

Column  A 

Moment  at  Top 

and  Bottom  of 

Column  B 

Moment  at  Right 
End  of  Girder  a 

Moment  at  Left 
End  of  Girder  a 

Moment  at  End 
of  Girder  b 

6 

-^ 
c 

V 

m 

Ratio   of 

Story 

Height 

to  Width 

of  Bay  a 

Ratio   of 
Width  of 
Bay  a  to 
Width  of 
Bay  b 

Slope- 
Deflec- 
tion 
Method 

Method 
III 

Slope- 
Deflec- 
tion 
Method 

Method 
III 

Slope- 
Deflec- 
tion 
Method 

Method 
III 

Slope- 
Deflec- 
tion 
Method 

Method 
III 

Slope- 
Deflec- 
tion 
Method 

Method 
III 

1 

2 
3 

2 
2 
2 

2 
1 
0.5 

10.12 

IOO.  0 

10.30 

700.0 

10.67 

700.0 

12.50 

123-5 

12.50 
121  .5 

12.50 

117.4 

14.88 

700.0 

14.70 

700.0 

14.33 

700.0 

12.50 
84.1 

12.50 
85.2 

12.50 
87.3 

20.24 

700.0 

20.60 
700.0 

21.34 
700.0 

25.00 
123.5 

25.00 
121 .5 

25.00 
777.3 

17.06 

700.0 

17.60 

700.0 

18.79 

700. 0 

13.48 

79-0 

5.0 
28.4 

—5.0 

12.70 

700.0 

11.80 

700.0 

9.87 

700.0 

11.52 

00.8 

20.00 
770.0 

30.00 
304.5 

4 
5 
6 

1 
I 
1 

2 
1 
0.5 

9.55 

700.0 

9.80 

700.0 

10.26 

700.0 

12.50 

131   0 

12.50 

127.7 

12.50 

722.0 

15.45 
700. 0 

15.20 

700.  O 

14.74 

700.0 

12.50 

80.9 

12.50 
82.3 

12.50 
84.9 

19.10 

700.0 

19.60 
700. 0 

20.52 

700.0 

25.00 

737.0 

25.00 
127 .6 

25.00 

722.0 

17.00 

700.0 

17.60 

700.0 

18.98 

700.0 

13.48 
79-3 

5.0 

28.4 

—5.0 

13.90 

700.0 

12.80 

700.0 

10.50 
700.0 

11.52 

83.0 

20.00 
156.3 

30.00 

256.7 

7 
8 
9 

0.5 
0.5 
0.5 

2 
1 
0.5 

9.15 

700.0 

9.46 

700.0 

10.05 

700.  O 

12.50 

136.9 

12.50 

132  .2 

12.50 
124.5 

15.85 

700.0 

15.54 

700.0 

14.95 
700. 0 

12.50 

78.8 

12.50 
80.5 

12.50 

83.70 

18.30 
700. 0 

18.92 
700. 0 

20.10 

700.0 

25.00 
136.8 

25.00 

732.7 

25.00 

1245 

17.10 

700.0 

17.63 

700.  O 

18.95 
700. 0 

13.48 
78.8 

5.0 
28.4 

—5.0 

14.60 

700. O 

13.45 
700.0 

10.95 

700.0 

11.52 
79.o 

20.00 

148.8 

30.00 

274-5 
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Table  31. 

Effect  of  the  Proportions  of  a  Bent  Upon  the  Accuracy 

of  Method  IV. 


All  stories  of  a  bent  are  identical  and  the  shears  on  all  stories  are  equal.  All  column  sections  are  equal,  the  moments  of 
inertia  of  column  A  and  girder  a  are  equal,  and  the  ratio  of  the  moment  of  inertia  of  girder  a  to  the  moment  of  inertia  of 
girder  b  equals  the  ratio  of  the  bending  moment  in  girder  a  to  the  bending  moment  in  girder  b,  as  determined  by  method  IV. 

For  each  bent  the  upper  line  is  the  moment  in  per  cent  of  W  x  h,  and  the  lower  line  is  the  moment  in  per  cent  of  the  moment 

as  determined  by  the  slope-deflection  method. 


Proportions  of 
the  Bent 

Moment  at  Top 

and  Bottom  of 

Column  A 

Moment  at  Top 

and  Bottom  of 

Column  B 

Moment  at  Right 
End  of  Girder  a 

Moment  at  Left 
End  of  Girder  a 

Moment  at  End 
of  Girder  b 

6 

"S 

PQ 

Ratio   of 

Story 

Height 

to  Width 

of  Bay  a 

Ratio   of 
Width  of 
Bay  a  to 
Width  of 
Bay  b 

Slope- 
Deflec- 
tion 
Method 

Method 
IV 

Slope- 
Deflec- 
tion 
Method 

Method 
IV 

Slope- 
Deflec- 
tion 
Method 

Method 
IV 

Slope- 
Deflec- 
tion 
Method 

Method 
IV 

Slope- 
Deflec- 
tion 
Method 

Method 
IV 

1 
2 
3 

2 
2 
2 

2 
1 
0.5 

9.09 

IOO  .0 

10.0 

IOO  .0 

10.89 
IOO  .o 

8.33 
91.8 

8.33 

83-3 

8.33 
76.8 

15.91 

700.0 

15.00 

700.0 

14.13 

700.0 

16.66 
104.5 

16.66 
777  .7 

16.66 

777.5 

18.18 
700. 0 

20.00 

700.0 

21.74 

700.0 

16.66 

91 .7 

16.66 
83.3 

16.66 

76.6 

13.62 

700.0 

16.66 

700.  O 

19.56 

700.0 

16.66 

722.7 

16.66 
100 .0 

16.66 
85.20 

18.20 

700.0 

13.33 

700.0 

8.70 
700. 0 

16.66 
91-5 

16.66 
125.0 

16.66 
191  -5 

4 
5 
6 

1 
1 
1 

2 
1 
0.5 

8.09 

IOO  .0 

9.38 

IOO  .0 

10.53 

IOO  .0 

8.33 
103.2 

8.33 
88.8 

8.33 

79.2 

16.91 

7  00.0 

15.62 

700.0 

14.47 

700.  O 

16.66 
98.3 

16.06 
106  .4 

16.66 
775.0 

16.18 

700.0 

18.76 

700.0 

21.06 

ZOO.O 

16.66 
103.0 

16.66 
88.9 

16.66 
79- 1 

13.22 

700.0 

16.64 

700.0 

19.74 

700.0 

16.66 
126 .0 

16.66 

700. O 

16.66 
84.4 

20.60 
700. 0 

14.60 

700. 0 

9.20 

700.0 

16.66 
80.9 

16.66 
774.0 

16.66 
1 81.0 

7 
8 
9 

0.5 
0.5 
0  5 

2 

1 
0.5 

7.32 

IOO.O 

8.93 

IOO  .0 

10.33 

IOO  .0 

8.33 

II3-9 

8.33 

93-3 

8.33 
80.7 

17.68 
700. 0 

16.07 

700.0 

14.67 

7  00.0 

16.66 
94-2 

16.66 
103.7 

16.66 
II3-5 

14.64 
700.0 

17.86 
700. 0 

20.66 

700.0 

16.66 
113.8 

16.66 
93-3 

16.66 
80.6 

12.96 

700.0 

16.69 

700.0 

19.74 
700. 0 

16.66 
128.7 

16.66 
100.0 

16.66 
84.4 

22.40 
700.0 

15.45 

700.0 

9.60 

700. O 

16.66 
74-4 

16.66 
707.5 

16.66 
1735 
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Table  32. 
Log  of  the  Test  of  Celluloid  Model  No.  4. 


Change  in  Slope  Measured  on  an  Arc  Having  a  19-inch  Radius,  in  Inches. 

Horizontal  Deflection 

at 

Center  of  Girder 

Force  at  Top  of  Model 

Force  at  Top  of  Model 

at 

Acting  Toward  the  Right 

Acting  Toward  the  Left 

J 

Top  of  Story 

c 

c 

in  Inches 

5? 

>■ 

fc 

d  at  Top  of 

6  at  Top  of 

0  at  Top  of 

0  at  Top  of 

o 

+a 
OQ 

3 

02 

Column   A 

Column  B 

Column  A 

Column  A 

Right- 

Left- 

Right- 

Left- 

Right- 

Left- 

Right- 

Left- 

Right- 

Mid- 

Left- 

Hand 

Hand 

Hand 

Hand 

Hand 

Hand 

Hand 

Hand 

Hand 

dle 

Hand 

Side  of 

Side  of 

Side  of 

Side  of 

Side  of 

Side  of 

Side  of 

Side  of 

Span 

Span 

Span 

Model 

Model 

Model 

Model 

Model 

Model 

Model 

Model 

1.5 

.04 

.04 

.04 

.20 

.20 

.09 

.10 

.19 

.18 

.09 

.10 

1 

3  0 

.08 

.08 

.08 

.40 

.40 

.20 

.21 

.40 

.40 

.19 

.23 

4.5 

.11 

.11 

.11 

.61 

.59 

.31 

.33 

.61 

63 

.30 

.38 

1.5 

.08 

.08 

.08 

.21 

.21 

.10 

.10 

.19 

.19 

.11 

.10 

? 

3  0 

.16 

.16 

.16 

.43 

.43 

.21 

.20 

.41 

.41 

.24 

.22 

4.5 

.25 

.24 

.24 

.66 

.66 

.34 

.33 

.63 

.65 

.37 

.37 

1  5 

.14 

.14 

.14 

.18 

.17 

.11 

.12 

.17 

.16 

.13 

.14 

3 

3  n 

.28 

.29 

.28 

.37 

.35 

.26 

.26 

.36 

.35 

.26 

.29 

4.5 

.42 

.42 

.42 

.59 

.54 

.39 

.40 

.56 

.55 

40 

.42 

1  5 

.18 

.18 

.18 

.13 

.10 

.06 

.07 

.13 

09 

.06 

.07 

4 

3  0 

.36 

.36 

.37 

.25 

.19 

.13 

.15 

.26 

.20 

.13 

.15 

4.5 

.55 

.55 

.55 

.40 

.30 

.20 

.22 

.39 

.27 

.18 

.25 
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INFLUENCE    OF    TEMPERATURE    ON  THE  STRENGTH    OF 

CONCRETE 

I.  Introduction. 

1.  Preliminary. — The  general  use  of  concrete  in  various  kinds  of 
construction  and  at  all  seasons  of  the  year  renders  important  a  knowl- 
edge of  the  effect  of  temperature  upon  the  strength  of  this  material. 
It  is  of  special  economic  importance  to  the  contractor  or  the  builder 
to  be  informed  concerning  the  strength  of  concrete  at  early  ages  under 
different  temperature  conditions  so  that  he  may  know  when  to  remove 
forms  and  what  loads  may  be  safely  applied  to  the  different  parts  of 
a  structure. 

2.  Scope  of  Bulletin. — It  is  the  purpose  of  this  bulletin  to  fur- 
nish some  information  concerning  the  influence  of  temperature  on 
the  attainment  of  strength  in  concrete. 

Three  groups  of  tests  were  made,  viz. ;  forty-five  6  by  6-in.  cylind- 
ers; fifty-one  6-in.  cubes;  and  sixty  8  by  16-in.  cylinders. 

The  temperature  conditions  were  limited  by  available  facilities. 

3.  Acknowledgment. — The  tests  reported  herein  were  made  in  the 
Laboratory  of  Applied  Mechanics  of  the  University  of  Illinois.  The 
work  was  done  under  the  supervision  of  the  writer.  Special  ac- 
knowledgment is  due  to  the  Department  of  Theoretical  and  Applied 
Mechanics  for  the  use  of  material  and  apparatus.  The  writer  is  in- 
debted to  A.  N.  Talbot,  Professor  in  Charge  of  Theoretical  and  Ap- 
plied Mechanics,  and  to  Ira  0.  Baker,  Professor  of  Civil  Engineering, 
for  their  co-operation  in  planning  the  tests  and  in  interpreting  the 
data. 

The  tests  of  Groups  I  and  II — 1913  Series — were  made  by  J.  Al- 
bert Anderson  and  W.  J.  Bublitz,  senior  civil  engineering  students 
of  the  class  of  1914;  and  furnished  the  subject  matter  of  their  bac- 
calaureate thesis.  The  tests  of  Group  III — 1914  Series — were  made 
by  J.  Albert  Anderson,  a  graduate  student  in  the  Department  of  Civil 
Engineering ;  and  special  credit  is  due  Mr.  Anderson  for  the  prepara- 
tion of  the  tables  and  diagrams.  All  the  tests  were  made  with  pain- 
staking care  and  faithful  attention  to  uniformity  and  accuracy  of 
manipulation. 
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II.  Materials,  Form  op  Test  Pieces,  and  Methods  of  Storing  and 

Testing. 

4.  Materials. — The  materials  were  of  the  same  character  and 
quality  as  those  used  for  other  concrete  and  reinforced  concrete  speci- 
mens made  and  tested  by  the  Engineering  Experiment  Station  dur- 
ing the  past  five  years.  The  quality  of  the  materials  may  be  taken 
as  representative  of  that  used  in  first-class  concrete  work  in  the  Mid- 
dle West. 

Cement.  All  of  the  test  specimens  were  made  with  Universal 
Portland  cement.  Samples  were  taken  at  the  beginning  of  each 
series  and  were  tested  for  fineness,  soundness,  and  tensile  strength. 
The  cement  passed  the  requirements  of  the  Standard  Specifications 
of  the  American  Society  for  Testing  Materials.  The  tensile  strength 
tests  of  neat  and  1 : 3  mortar  briquettes  made  of  a  sample  of  the  ce- 
ment used  in  Group  III  of  the  1914  Series  gave  average  values  of 
542  and  609  lb.  per  sq.  in.  for  the  neat  cement  at  seven  and  twenty- 
eight  days,  respectively ;  and  174  and  295  lb.  per  sq.  in.  for  the  1 : 3 
mortar  at  seven  and  twenty-eight  days,  respectively. 

Sand.  The  sand  used  came  from  a  deposit  of  glacial  drift  near 
the  Wabash  Eiver  at  Attica,  Indiana.  The  sand  was  clean  and  well 
graded.  The  sand  of  the  1913  Series  was  somewhat  coarser  than  that 
of  the  1914  lot.  The  sand  used  in  Group  III — 1914  Series — gave  a 
density  of  1.79,  a  specific  gravity  of  2.65,  and  contained  32  per  cent 
voids. 

Stone.  The  crushed  limestone  came  from  Kankakee,  Illinois.  The 
stone  used  in  the  1913  Series  contained  87  per  cent  material  smaller 
than  one-half  inch  and  46  per  cent  material  smaller  than  one-fourth 
inch.  The  stone  used  in  the  1914  series  was  well  graded.  It  con- 
tained 49  per  cent  voids,  and  had  a  density  of  1.35  and  a  specific  grav- 
ity of  2.65.  It  was  carefully  screened  over  a  y^-in.  screen  before  use, 
and  contained  10  per  cent  of  material  smaller  than  one-fourth  inch. 

5.  Concrete. — All  the  concrete  was  composed  of  one  part  cement, 
2  parts  sand,  and  4  parts  broken  stone,  by  weight;  corresponding  to 
1  part  cement,  2.2  parts  sand,  and  3.6  parts  broken  stone,  by  volume. 
The  materials  for  each  specimen  were  weighed  out  separately  and 
then  mixed. 

The  mixing  of  the  concrete  for  the  1913  series  was  done  with  a 
trowel  in  a  large  galvanized  iron  pan.  The  cement  and  sand  were 
first  mixed  dry  to  a  uniform  color  and  spread  out  in  a  layer  of  uni- 
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Table  1. 
Description  of  Test  Specimens 


Group 

Set 

A 
B 
C 

D 

E 
F 

G 
H 

I 
M 

Specimens 

Number   and  Age  of   Specimens 

Series 

Num- 
ber 

15 
15 
15 

15 
18 
18 

15 
15 
15 
15 

Form 

When  Tested 

1913 
1913 
1914 

I 

II 
III 

6  x  6-in. 
cylinders 

6-in. 
cubes 

8  x  16-in. 
cylinders 

5   specimens   of    each    set;    at 
7,   14,  and  28  days. 

3    specimens   of    each   set;    at 
4,  7,  11,  14,  and  28  days. 

3    specimens   of   each   set ;    at 
3,  7,  10,  14,  and  28  days. 

form  thickness  over  the  bottom  of  the  pan.  The  stone  was  then  added, 
and  the  whole  mass  given  four  complete  turnings,  which  secured  thor- 
ough incorporation  of  the  dry  materials.  Water  was  added,  and  the 
material  turned  until  thoroughly  mixed.  The  concrete  was  gathered 
together  in  a  compact  mass,  in  one  end  of  the  mixing  pan,  so  as  to 
reduce  evaporation  losses  to  a  minimum.  The  time  of  mixing  of  each 
specimen  was  kept  as  nearly  constant  as  possible. 

The  concrete  used  in  the  1914  Series  was  mixed  in  similar  man- 
ner to  that  of  the  1913  Series,  but  was  mixed  on  the  concrete  floor  of 
the  laboratory  with  shovels. 

6.  Molding  and  Storage  of  Test  Specimens. — The  specimens  were 
classified  according  to  the  form  of  test  specimen  and  storage  condi- 
tions.   Table  1  gives  the  details  of  the  classification. 


Table  2. 
Data  Concerning  Molding  of  Specimens 


Type 
of 

Set 

Average 
Time  of 
Molding, 
minutes 

Average 
Temperature 

Weights  of  Materials 

Water, 
per 

Specimen 

Air 

Con- 
crete 

70°F. 

71 

70 

70 
70 
69 

69 

Cement, 
lb. 

Sand, 
lb. 

Stone, 
lb. 

cent* 

6-in. 
cylinders 

6-in. 
cubes 

8  x  16-in. 
cylinders 

A 
B 

C 

D 
E 
F 

G 
H 
I 
M 

8.5 
8.5 
8.5 

7.0 
7.0 
7.0 

32°F. 
65 

84 

77 
75 
71 

68 

2.17 
2.17 
2.17 

*>..42 
2.42 
2.42 

10.2 

4.34 
4.34 
4.34 

4.84 
4.84 

4.84 

20.4 

8.68 
8.68 
8.68 

9.68 
9.68 
9.68 

40.8 

10.0 
10.0 
10.0 

10.0 
11.0 
10.0 

9.3 

*The  concrete  used  in  Groups  I  and  II  was  of  a  medium  or  quaking  consistency;  while 
that  used  in  Group  III  was  wet,  and  was  similar  in  consistency  to  that  used  in  concrete  build- 
ing construction. 
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Molding.  The  specimens  of  Group  I  of  the  1913  Series  were 
molded  in  the  storage  rooms  under  the  following  temperatures :  Set  A 
at  32°F.,  Set  B  at  65°F.,  and  Set  C  at  84°F.  The  specimens  of  Group 
II  of  the  1913  Series  were  molded  in  the  cement  laboratory  at  the  fol- 
lowing temperatures:  Set  D  at  77°F.,  Set  E  at  75°F.,  and  Set  F  at 
71°F.  The  specimens  of  Group  III — 1914  Series — were  molded  in 
the  concrete  room  of  the  Engineering  Experiment  Station  at  a  tem- 
perature of  68°F.  The  specimens  of  Group  II  and  Group  III  were 
moved  to  their  respective  storage  rooms  after  a  set  of  six  hours. 

The  forms  used  for  Group  I  were  sheet-iron  cylinders  6  in.  in 
diameter  and  6  in.  high.  The  specimens  of  Group  II  were  molded  in 
three-gang  cube  forms  made  up  of  two  6-in.  channels  and  plates 
placed  6  in.  apart.  The  forms  for  the  specimens  of  Group  III  were 
sections  of  standard  8-in.  wrought  iron  pipe,  16  in.  long.  The  forms 
were  removed  from  the  specimens  after  a  storage  of  two  days. 

Table  2  shows  the  weight  of  the  dry  materials,  the  per  cent  of 
water  in  terms  of  the  total  dry  materials,  the  temperature  of  the  room 
and  of  the  concrete,  and  the  average  time  of  molding. 

Storage.  The  temperature  of  the  storage  room  was  determined  by 
daily  readings  of  the  maximum  and  minimum  thermometers.  The 
temperatures  for  the  several  groups  are  shown  in  Fig.  1-10. 

Set  A  was  stored  in  the  ice-storage  room  of  the  Smith  Ice  Company 
in  Urbana,  at  an  average  temperature  of  30 °F.  Set  B  was  stored  in 
the  meat  storage  room  of  the  Smith  Ice  Company  in  Urbana,  at  an 
average  temperature  of  48.5 °F.  Set  C  was  stored  in  the  cement  labo- 
ratory of  the  University  of  Illinois  at  an  average  temperature  of  72.8°F. 

Set  D  was  stored  in  the  cement  laboratory  of  the  University  of 
Illinois  at  an  average  temperature  of  68°F.  Set  E  was  stored  in  the 
ice  chest  of  the  Dairy  Department  of  the  University  of  Illinois  at  an 
average  temperature  of  35.5 °F.  Set  F  was  stored  in  the  ice-storage 
room  of  the  Twin  City  Ice  and  Cold  Storage  Company  of  Champaign, 
at  an  average  temperature  of  27.1°F. 

Set  G  was  stored  in  the  ice-storage  room  of  the  Twin  City  Ice  and 
Cold  Storage  Company  at  Champaign,  at  an  average  temperature  of 
26.5°F.  Set  H  was  stored  in  the  ice  chest  of  the  Dairy  Department 
of  the  University  of  Illinois  at  an  average  temperature  of  34.7 °F.  Set 
I  was  stored  in  an  interior  heated  room  of  the  Twin  City  Ice  and 
Cold  Storage  Company  of  Champaign,  at  an  average  temperature  of 
71.8 °F.  Set  M  was  stored  in  a  chamber  of  the  conduit  tunnel  under 
the  Floriculture  building  of  the  University  of  Illinois,  at  an  average 
temperature  of  95.6°F. 
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All  the  specimens  while  in  storage  were  covered  with  several  layers 
of  moist  sacking,  which  was  sprinkled  daily. 

7.  Method  of  Testing. — All  the  specimens  of  Group  I  were  taken 
from  their  storage  places  to  the  Laboratory  of  Applied  Mechanics  of 
the  University  of  Illinois  the  day  before  they  were  tested.  They  were 
measured  and  weighed,  their  bearing  surfaces  coated  with  plaster  of 
pans,  and  then  were  left  in  the  open  air  of  the  laboratory  for  about 
twenty  hours  under  a  temperature  of  about  70°F. 

The  specimens  of  Group  II  were  tested  after  about  one  hour  from 
the  time  of  their  removal  from  the  storage  rooms.  Two  specimens 
of  Set  F,  designated  as  F17  and  F18,  after  being  stored  under  an  aver- 
age mean  daily  temperature  of  27.1  °F.  for  forty-four  days,  were 
stored  in  the  testing  laboratory  under  an  average  mean  daily  tem- 
perature of  70°F.,  the  former  for  seven  days  and  the  latter  for  twenty- 
one  days. 

The  specimens  of  Group  III  were  brought  to  the  testing  labora- 
tory from  their  storage  places,  weighed,  measured,  plastered,  and 
tested  within  one  hour.  The  specimens  of  Set  G,  which  were  stored 
under  freezing  temperatures,  were  allowed  to  thaw  out  before  being 
tested. 

In  the  tests  a  spherical-seated  bearing  block  was  used. 

III.     The  Data. 

8.  Observed  Results. — The  results  of  the  tests  are  given  in  Tables 
3  to  11,  pages  8  to  16,  and  in  Fig.  1-10. 

9.  Standardized  Strength. — Since  a  cube  or  a  cylinder  having  a 
height  equal  to  its  diameter,  tested  for  compressive  strength,  may  be 
expected  to  give  a  value  which  is  higher  than  the  representative  com- 
pressive strength  of  the  material,  it  seems  desirable  for  the  purposes 
of  comparison  to  reduce  the  observed  values  for  the  cubes  and  short 
cylinders  of  Groups  I  and  II  to  what  may  be  considered  as  the  equiva- 
lent values  which  would  be  obtained  from  cylinders  of  height  equal  to 
twice  their  diameter.  To  do  this  the  values  for  the  cubes  and  cylinders 
have  been  multiplied  by  0.73,  which  is  the  ratio  of  strength  of  prisms 
to  strength  of  cubes  determined  by  the  Committee  on  Specifications 
and  Methods  of  Tests  for  Concrete  Materials  of  the  American  Con- 
crete Institute.  The  reduced  values  are  designated  as  the  standardized 
strengths  in  Table  3  to  11,  and  are  shown  by  the  lower  curve  in  Fig. 
1-10. 


* 


illinois  engineering  experiment  station 

Table  3. 

Compressive  Strength — Age  7  Days 
Group  I.     6  x  6-in.  Cylinders 


Set 

Average 
Diameter, 
in. 

Crushing 

Strength, 

lb. 

29  240 
27  670 
24  890 
22  450 
24  450 

Strength, 
lb.  per 
sq.  in. 

Average 

Strength, 

lb.  per 

sq.  in. 

890 

Standardized 

Strength, 
lb.  per  sq.  in. 

Remarks 

A 

6.0 

6.18 

6.06 

6.06 

6.06 

6.12 
6.00 
6.00 
5.87 
5.87 

5.87 
5.81 
5.94 
5.87 
6.00 

1030 
930 
870 
780 
850 

650 

Cracked    uniformly 
around  circumfer- 
ential  area. 

B 

36  130 

34  770 
31  660 

25  030 

26  950 

27  080 

35  830 

37  660 

31  140 

32  250 

1230 

1230 

1120 

930 

980 

1100 

800 

Cracked  uniformly 
ii                it 

i»                »» 

Skewed 
ii 

0 

1000 
1350 
1370 
1150 
1140 

1200 

880 

Visible  voids 

10    IZ   14    /£    18  ZO  ZZ  Z4  Z6  Z8 
Age -Days. 

Fig.  1.     Set  A,  Group  I — 1913  Series — 6  x  6-in.  Cylinders. 


MC  DANIEL — INFLUENCE   OF  TEMPERATURE   ON   CONCRETE 


9 


Table  4. 
Compressive  Strength — Age  14  Days 

Group  I.  6  x  6-in.  Cylinders 


Set 

Average 

Diameter, 

in. 

Crushing 

Strength, 

lb. 

Strength, 
lb.  per 
sq.  in. 

Average 

Strength, 

lb.  per 

sq.  in. 

1190 

Standardized 

Strength, 
lb.  per  sq.  in. 

Remarks 

A 

6.0 
6.12 
6.0 
6.0 

5.87 

38  020 
33  340 

39  220 
31  390 
26  700 

1340 
1140 
1390 
1110 

980 

870 

Cracked  uniformly 
around  circumfer- 
ential area. 

B 

6.0 

5.94 

5.97 

5.94 

5.87 

47  090 
50  460 

45  850 
30  000 
40  640 



46  170 
50  000 
44  190 
44  420 

47  100 

1670 
1820 
1640 
1090 
1500 

1540 

1130 

Cracked  uniformly 
it                >i 

)>                ») 

Badly  skewed 
Slightly   skewed 

C 

5.87 

6.0 

6.12 

6.0 

5.87 

1700 
1770 
1510 
1570 
1740 

1660 

1210 

Uniform  throughout 

0    Z    *    £     8    10   IZ    14    16    18  ZO  ZZ  Z4  Z£>  Z8 

Age- Days 

Fig.  2.    Set  B,  Group  I — 1913  Series — 6  x  6-in.  Cylinders. 
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Table  5. 
Compressive  Strength — Age  28  Days 

Group  I.  6  x  6-in.  Cylinders 


Average 

Crushing 

Strength, 

Average 

Standardized 

Set 

Diameter, 

Strength, 

lb.  per 

Strength, 
lb.  per 

Strength, 

Remarks 

in. 

lb. 

sq.  in. 

lb.  per  sq.  in. 

sq.  in. 

6.06 

39  340 

1370 

6.06 

37  730 

1320 

A 

5.94 
6.12 
6.00 

48  450 
37  660 
40  300 

56  240 

1750 
1280 
1430 

1430 

1040 

All  uniform. 

6.06 

1960 

6.0 

55  300 

1950 

Area  reduced  by  vis- 

B 

6.06 

6.0 

6.0 

54  600 
34  670 
40  000 

55  720 

1900 
1230 
1420 

2000 

1940 

1410 

ible  voids. 

5.97 

5.94 

63  650 

2310 

0 

5.87 

60  260 

2220 

2090 

1530 

5.87 

49  760 

1840 

Slightly  skewed 

6.0 

40  390 

*1430 

Badly   skewed 

''Not  used  in  calculating  average. 


0    Z    4    6     8    10    12    14    16    Id   20  22  24  26  2* 

Age  -  Days. 

Fig.  3.     Set  C,  Group  I — 1913  Series — 6  x  6-in.  Cylinders. 
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Table  6. 
Compressive  Strength — Age  4  Days 

Group  II.     6-in.  Cubes 


Set 

Weight 
lb. 

Size, 
in. 

Crushing 

Strength, 

lb. 

Strength, 
lb.  per 
sq.  in. 

Average 

Strength, 

lb.  per 

sq.  in. 

780 

Standardized 

Strength, 
lb.  per  sq.  in. 

Remarks 

D 

18.50 
18.50 
18.50 

19.00 
19.00 
18.75 

18.75 
18.75 
18.75 

6x6x6 

28  400 
22  450 
33  340 

790 
620 
920 

570 

E 

16  690 
10  000 
21300 

460 
280 
590 

450 

330 

P 

15  680 
13  050 
13  000 

440 
360 
360 

390 

280 

Slight    coating    of 
frost,  but  all  had 
uniform  break. 

i 


I 

.c 

I 


80 

1 
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L- 

1300 

"  -  -  Maximum  and  Minimum, 

1600 

t  —  Mean.  &8°F.  for  the  , 

i 
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600 

4 
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f 
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* 

zoo 

n 

0    Z    4     £     8     10    IZ   14    IG    18   Z0  ZZ  Z4  &  Z8 

Age  -  Days. 

Fig.  4.     Set  D,  Group  II — 1913  Series — 6-in.  Cubes 
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Table  7. 
Compressive  Strength — Age  7  Days 

Group  II.     6-in.  Cubes 


Set 

1 
Weight, 
lb. 

Size, 
in. 

6x6x6 
it 

>» 

Crushing 

Strength, 

lb. 

39  390 
35  930 
31  300 

17  100 

19  820 
1     14  060 

Strength, 
lb.  per 
sq.  in. 

Average 

Strength, 

lb.  per 

sq.  in. 

Standardized 

Strength, 
lb.  per  sq.  in. 

Remarks 

D 

18.75 
19.00 
18.75 

1090 

1000 

860 

980 

720 

E 

»» 
>» 
i» 

470 
550 
390 

470 

340 

Broke  uniformly 

P 

18.50 
18.75 
18.75 

>» 
it 

1    20  880 

19  230 

'    20  760 

580 
530 
580 

560 

410 

0    4     8     1?     16   ZO   Z4   Z8  32  36  40  44 

Aqe~Days- 

Fig.  5.     Set  E,  Group  11—1913  Series— 6-in.  Cubes. 
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Table  8. 
Compressive  Strength — Age  11  Days 

Group  II.     6-in.  Cubes 


Set 

Weight 
lb. 

Size, 
in. 

Crushing 

Strength, 

lb. 

Strength, 
lb.  per 
sq.  in. 

1200 
1460 
1300 

Average 

Strength, 

lb.  per 

sq.  in. 

1320 

Standardized 

Strength, 

lb.  per  sq.  in. 

Remarks 

D 

18.75 
18.75 
18.75 

6x6 

i 

• 
f 

> 

x6 

43  420 
52  440 
47  300 

970 

E 

19.00 
19.00 
18.75 

18.75 
18.75 
18.75 

42  310 
31  060 
26  000 

15  080 
17  760 
21  820 

1180 

860 
720 

420 

490 
610 

920 

670 
370 

Visible    voids 
Broke  at  one  cor- 
ner 

F 

• 
> 
• 

500 

S-    30 


*    20 

f 

t 

\<o00 

\400 
£  300 
^200 

"I  100 
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/  »/W^  //  /  / C//  1  I  L*#  }\J  1  VI  If  III  1  l\JI  1  U 
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Age -Days. 

Fig.  6.    Set  F,  Group  11—1913  Series— 6-in.  Cubes. 
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Table  9. 
Compressive  Strength — Age  14  Days 

Group  II.     6-in.  Cubes 


Set 

D 
E 
P 


Weight, 
lb. 

Size, 
in. 

Crushing 

Strength, 

lb. 

Strength, 
lb.  per 
sq.  in. 

Average 

Strength, 

lb.  per 

sq.  in. 

1540 

19.00 
19.00 
18.75 

6x6x6 

58  710 
62  810 
45  530 

38  630 
40  300 
40  280 

19  330 
26  350 
22  900 

1630 
1740 
1260 

1070 
1120 
1120 

,,— 

1100 

18.75 
18.75 
18.75 

540 
730 
650 

640 

Standardized 

Strength, 
lb.  per  sq.  in. 


1130 


800 


470 


Remarks 


ic 

■■ 

Ks         30 



■k 



— 

^ 



' /. 
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■k  400 
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Age -Days. 

Fig.  7.    Set  G,  Group  III — 1914  Series — 8  x  16-in.  Cylinders. 


MC  DANIEL INFLUENCE   OP  TEMPERATURE   ON   CONCRETE 


15 


Table  10. 

Compressive  Strength — Age  28  Days 

Group  II.     6-in.  Cubes 


Set 


E 


Weight, 
lb. 

Size, 
in. 

Crushing 

Strength, 

lb. 

64  000 

67  460 

68  440 

Strength, 
lb.  per 
sq.  in. 

Average 

Strength, 

lb.  per 

sq.  in. 

19.00 
19.00 
19.00 

6x6x6 

1780 
1870 
1900 

1850 
1550 

18.75 
18.75 
18.75 

52  590 
58  270 
56  350 

16  540 

15  160 
10  400 

1460 
1620 
1560 

19.00 
19.00 
18.75 

460 

420 
*290 

440 

Standardized 

Strength, 
lb.  per  sq.  in. 


1350 


1130 


320 


Remarks 


*Specimen  in  bad  condition;  not  included  in  average. 


0    Z    4     G     3     10   12    14    16    18    ZO  ZZ  Z4  Z6  Z6 

Age -Days. 

Fig.  8.  Set  H,  Group  III — 1914  Series — 8  x  16-in.  Cylinders. 
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Table  11. 

Compressive  Strength — Age  42  Days 
Group  II.     6-in.  Cubes. 


Set 

Weight, 
lb. 

Size, 
in. 

Crushing 

Strength, 

lb. 

Strength, 
lb.  per 
sq.  in. 

~~ 1850~ 
1740 
1740 

Average 

Strength, 

lb.  per 

sq.  in. 

Standardized 

Strength, 
lb.  per  sq.  in. 

Remarks 

E 

18.75 
18.75 
18.75 

18.00 

6x6x6 

>  i 

»i 

5x5x6 
4x5x6 

66  710 
62  880 
62  240 

15240 

31  720 

8  040 

1780 
1780 

1300 
1300 

Broke  uniformly- 
One  corner  broke 
Slightly  skewed 

F 

420 

1270* 
400f 

Specimens    in    a 
soft    and    crumb- 
ling  condition 

*Age  when  tested,  49  days. 
fAge  when  tested,  63  days. 


I 
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to 


^  1400 

1  mo' 

\  1000 
%  800 
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ZOO\ 
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Ism^ZmJl  l_^rTji~tY^"  ^1 

L_ 

Tempera) 

lures. 

*-\*J     A  Jli^l'vMI     I^V» 

mOXirnUrn  Or  iu  tvrn  nrrturn. 

~~  — Mean.  7LZ°F.  for+heZSdc 

y/5. 

0    Z   4     G     8    10 


IZ   14    \<o    IS  ZO  ZZ  Z4  Z6  ZB 
Age -Days. 


Fig.  9.     Set  I,  Group  III — 1914  Series — 8  x  16-in.  Cylinders. 
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Table  12. 
Compressive  Strength — Age  3  Days 
Group  III— 1914  Series— 8  x  16-in.  Cylinders 


Set 

Weight 
lb. 

Average 

Diameter, 

in. 

Crushing 

Strength, 

lb. 

Strength, 
lb.  per 
sq.  in. 

Average 
sq.  in. 

G 

67.75 

67.25 
70.25 

65.0 
66.0 
65.0 

7.94 

7.87 
8.06 

7.94 

7.87 
8.0 

8  880 

9  720 
9  340 

180 
200 
180 
200 

170 
180 

Crumbled 
190 

Crumbled   badly 

H 

9  950 

8  250 

9  250 

180 

Plaster  loose  on  one 
end 

1 

69.0 

70.25 

69.75 

64.0 
65.0 
65.0 

8.0 

8.06 

8.06 

29  650 

23  750 
22  600 

24  000 

30  850 
20  000 

600 

460 
440 

500 

M 

8.0 

7.94 

7.94 

480 
620. 
40O 

500 

5 


0   Z    4    £     0    10    IZ  14    IG   18.20  ZZ  Z4  Z£  Z8 

Age  -  Da/5. 

Fig.  10.     Set  M,  Group  III — 1914  Series — 8  x  16-in.  Cylinders. 
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Table  13. 
Compressive  Strength — Age  7  Days 

Group  III— 1914  Series— 8  x  16-in.  Cylinders 


Set 

Weight, 
lb. 

Average 

Diameter, 

in. 

Crushing 

Strength, 

lb. 

Strength, 
lb.  per 
sq.  in. 

Average 

Strength, 

lb.  per 

sq.  in. 

Remarks 

G 

67.75 
67.25 
65.50 

8.0 
8.0 
8.0 

17  200 
14  750 
10  700 

340 
290 
210 

280 

H 

66.0 
69.5 
65.5 

7.87 
8.06 
7.94 

14  450 
18  920 
18  530 

40  800 
31  630 
34  340 

300* 

370 

370 

370 

Skewed  one  inch, 
horizontal  crack 

1 

67.75 
67.25 

8.0 

7.94 

8.12 

810 
640 
660 

890 
790 
690 

700 

M 

68.0 
69.0 
69.0 

8.0 

8.06 

8.06 

44  500 
40  250 
35  150 

790 

''Not  used  in  calculating  average  strength. 


Table  14. 
Compressive  Strength — Age  10  Days 

Group  III— 1914  Series— 8  x  16-in.  Cylinders 


Set 

Weight, 
lb. 

Average 

Diameter, 

in. 

Crushing 

Strength, 

lb. 

Strength, 
lb.  per 
sq.  in. 

Average 

Strength, 

lb.  per 

sq.  in. 

Remarks 

G 

66.5 
67.5 
70.5 

8.0 

7.87 
8.0 

18  670 
18  280 
23  630 

25  000 
30  680 

26  830 

44  700 
36  050 

370 
370 
470 

400 

H 

68.0 
68.5 
69.0 

8.0 

8.12 

8.06 

500 
600 
530 

540 

2 — 8x8  forms 

I 

67.5 
68.0 

8.06 
8.0 

880 
720 

800 
1030 

Top  crumbled 

Skewed 

Fractured  in  transit 

M 

68.0 
69.0 
69.5 

7.94 

8.06 
8.06 

59  620 
46  700 
49  540 

1200 
920 
970 

2 — 8x8   forms 

Table  15. 
Compressive  Strength — Age  14  Days 
Group  III— 1914  Series— 8  x  16-in.  Cylinders 


Set 

Weight, 
lb. 

Average 

Diameter, 

in. 

Crushing 

Strength, 

lb. 

Strength, 
lb.  per 
sq.  in. 

Average 

Strength, 

lb.  per 

sq.  in. 

Remarks 

G 

70.0 
68.5 
69.5 

8.0 

7.94 

8.06 

26  430 
25  330 
25  420 

30  550 
35  100 
37  750 
51  000 
63  230 
41430 

58  000 
40  650 
65  000 

520 
510 
500 

510 

H 

67.5 
64.5 
66.5 

7.94 
8.06 
8.0 

620 

690 
750 

690 

I 

66.0 
69.5 
67.0 

7.94 

8.0 

8.0 

1030 

1260 

820 

1040 

j 
1220 

Skewed  slightly 
Bearing  faces  not 
parallel 

M 

67.5 
66.5 
66.5 

8.0 

7.94 

8.0 

1150 

820* 
1290 

Visible  voids 

'Not  used  in  calculating  average  strength. 
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$1400 


0   Z    4     G     6    10    IZ    14    16    18  ZO  ZZ  Z4  Z£>  Z8 

Age -Days. 

Fig.  11.    Group  I — 1913  Series — 6x6-in.  Cylinders.   Standardized  Values. 
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Fig.  12.    Group  II — 1913  Series — 6-in.  Cubes.    Standardized  Values. 
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Table  16. 
Compressive  Strength — Age  28  Days 

Group  III — 1914  Series — 8  x  16-in.  Cylinders 


Set 

Weight, 
lb. 

Average 

Diameter, 

in. 

Crushing 

Strength, 

lb. 

Strength, 
lb.  per 
sq.  in. 

Average 

Strength, 

lb.  per 

sq.  in. 

Remarks 

G 

68.0 
67.5 
65.0 

8.0 

7.94 

7.94 

32  100 
35  900 
34  100 

45  900 
51  600 
51400 

83  950 
60  000 
63  900 

63  500 

101  900 

68  200 

630 
730 
690 

680 

H 

65.0 
65.0 
64.0 

8.06 

8.0 

7.87 

900 
1030 
1050 

990 

I 

68.5 
68.5 
66.0 

66.0 
66.0 
66.0 

8.0 
8.0 
7.87 

1670 
1190 
1290 

1260 
1960 
1360 

1380 

Odd  fracture 

M 

8.0 

8.12 

8.0 

1530 

1 

... 
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1600 
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'    Jem  per  aw  res.  Irahr.j 
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10.  Group  I. — The  results  of  the  tests  of  Group  I,  6  by  6-in. 
cylinders,  are  given  in  Table  3,  4,  and  5 ;  and  the  relation  between 
strength  and  age  is  shown  in  Fig.  1,  2,  and  3,  pages  8,  9,  and  10.  The 
curves  are  drawn  through  the  average  values  for  each  group  of  five 
specimens  for  7,  14,  and  28  days.  At  the  top  of  each  figure  is  shown 
the  temperature  conditions  for  that  set ;  the  maximum,  the  minimum, 
and  the  mean  temperatures. 

11.  Group  II. — The  results  of  the  tests  of  Group  II,  6-in.  cubes, 
are  given  in  Tables  6-11 ;  and  the  relation  between  strength  and  age 
is  shown  in  Fig.  4,  5,  and  6,  pages  11,  12,  and  13.  The  strength  and 
temperature  curves  are  drawn  as  stated  for  Group  I. 

The  Sets  D  and  E,  Fig.  4  and  5,  pages  11  and  12,  were  stored  under 
substantially  uniform  temperature  conditions,  and  give  results  of  prac- 
tically the  same  character  as  those  of  Group  I. 

The  specimens  of  Set  F  were  stored  in  a  room  where  it  was  known 
the  temperature  would  not  be  uniform.  All  of  the  specimens  tested 
at  11  days  were  slightly  disintegrated  on  the  surface,  and  those  tested 
at  28  days  were  badly  disintegrated;  while  of  those  reserved  to  be 
tested  at  42  days  only  one  could  be  tested  at  that  date,  the  remaining 
specimens,  F17  and  F18,  being  very  badly  disintegrated.  Specimen 
F17  was  tested  at  49  days,  and  F18  at  63  days.  Since  there  was  only 
one  specimen  at  each  of  these  ages,  and  since  none  of  the  other  groups 
contained  specimens  at  corresponding  ages,  the  results  of  these  two 
tests  are  not  plotted  in  Fig.  6,  and  are  not  further  considered. 

The  results  of  Set  F,  indicate  that  the  low  temperature  retarded 
the  hardening  action  of  the  concrete,  and  that  the  alternations  above 
and  below  freezing  caused  a  softening  and  crumbling  of  the  material. 

12.  Group  III. — The  results  of  the  tests  of  Group  III,  8  by  16-in. 
cylinders,  are  given  in  Tables  12-16 ;  and  the  relation  between  strength 
and  age  is  shown  graphically  in  Fig.  7-10.  It  is  noteworthy  that 
under  a  temperature  slightly  below  freezing  the  concrete  gained 
strength  continuously,  see  Fig.  7,  page  14.  It  is  also  interesting  to 
note  that  the  curve  for  a  mean  temperature  of  26.5 °F.  is  substantially 
of  the  same  character  as  that  for  a  mean  temperature  of  71.2°, — com- 
pare Fig.  7  and  Fig.  9. 

13.  Summary. — The  results  for  the  three  sets  of  Group  I  are  pre- 
sented in  Fig.  11,  page  19 ;  and  the  corresponding  values  for  Groups 
II  and  III  are  given  in  Fig.  12  and  13.  Fig.  11-13  show  the  relation 
between  strength  and  age  for  the  several  mean  temperatures. 

In  Group  I  the  test  specimens  were  cylinders  6  inches  in  diameter 
and  6  inches  high,  and  in  Group  II  the  specimens  were  6-inch  cubes ; 
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and  owing  to  the  effect  of  the  restraint  of  the  pressing  surfaces  of 
the  testing  machine,  the  results  of  these  tests  are  not  further  consid- 
ered. 

In  Group  III  the  test  specimens  were  cylinders  8  inches  in  diam- 
eter and  16  inches  high,  and  the  interpolated  results  for  these  tests  are 
presented  in  Fig.  14  to  show  the  relation  between  strength  and  temper- 
ature for  the  several  ages.  Fig.  14  may  be  employed  to  determine  (1) 
the  strength  which  the  concrete  attained  at  different  ages  under  a  con- 
stant temperature,  (2)  the  age  at  which  a  particular  strength  was 
gained  under  the  different  temperatures,  and  (3)  the  strength  which 
may  be  expected  at  different  ages  under  different  temperatures.  The 
relative  strength  attained  by  concrete  at  different  temperatures  dur- 
ing hardening  and  at  different  ages  may  be  expected  to  vary  some- 
what with  differences  in  cements,  aggregates,  and  consistencies;  but 
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it  is  thought  that  the  values  in  Fig.  14  may  be  taken  to  represent  the 
effect  of  the  variation  in  the  temperatures  during  hardening  upon 
the  strength. 

Fig.  15  has  been  drawn  by  taking  values  from  the  curves  in  Fig. 
14.  It  shows  in  a  general  way,  the  relation  between  the  strength  at 
28  days  under  70 °F.  and  the  strength  attained  at  various  ages  under 
varying  temperatures.  Fig.  15  can  be  used  in  substantially  the  same 
way  as  Fig.  14. 

The  tests  summarized  in  Fig.  14  and  15  cover  a  wide  range  of 
temperature  conditions,  the  average  temperature  varying  from  20.4 °F. 
to  90.6°F.,  and  are  fairly  consistent;  and  hence  it  is  believed  these 
values  are  sufficiently  accurate  to  furnish  suggestive  information 
which  may  be  useful  in  determining  the  time  when  forms  may  be  re- 
moved and  loads  applied. 
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IV.  Conclusions 

14.  General  Conclusions. — It  is  believed  the  following  general  con- 
elusions  are  justifiable. 

1.  Under  uniform  temperature  conditions,  there  was  an  increase 
of  strength  with  age  within  the  limits  of  the  tests.  For  any  tempera- 
ture the  rate  of  increase  decreases  with  the  age  of  the  specimen ;  and 
this  rate  of  increase  is  less  correspondingly  at  the  lower  temperature 
conditions.  For  the  specimens  tested,  under  normal  hardening  tem- 
perature conditions  of  from  60  to  70°F.,  the  compressive  strength  of 
the  concrete  subjected  to  a  uniform  temperature  at  the  ages  of  7,  14, 
and  21  days  may  be  taken  as  approximately  50  per  cent,  75  per  cent, 
and  90  per  cent  of  the  strength  at  twenty-eight  days,  respectively. 
For  lower  temperatures  the  percentage  values  are  less ;  and  for  higher 
temperatures  the  percentages  are  higher.  The  relation  between  the 
percentage  values  at  the  ages  of  7,  14,  21,  and  28  days  is  nearly  the 
same  for  temperature  conditions  from  30°  to  70°  F.  However,  the 
values  for  the  lower  temperatures  should  be  used  with  caution. 

2.  Concrete  which  is  maintained  at  a  temperature  of  60°  to  70°  F. 
will  at  the  age  of  one  week  have  practically  double  the  strength  of  the 
same  material  which  is  kept  at  a  temperature  of  32°  to  40°  F. 

3.  Fig.  14  and  15  may  be  used  to  determine  the  representative 
strength  of  concrete  similar  to  that  used  in  these  tests,  for  various 
temperature  conditions  and  for  ages  up  to  28  days.  These  diagrams 
may  be  used  with  a  fair  degree  of  approximation  to  ascertain  the  rel- 
ative strengths  which  concrete  of  ordinary  practice  may  be  expected  to 
attain  at  the  different  temperatures.  It  should  be  noted  that  gener- 
ally in  this  investigation  the  specimens  were  stored  under  tempera- 
tures which  were  nearly  uniform  during  the  whole  storage  period. 
In  set  F  the  variations  in  temperature  include  a  number  of  alterna- 
tions above  and  below  the  freezing  point  and  the  specimens  were  seri- 
ously injured.  The  results  accord  with  the  well-known  effect  of  freez- 
ing and  thawing  upon  green  concrete. 
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LABORATORY  TESTS  OF  A  CONSOLIDATION  LOCOMOTIVE. 

PART  I. 

I.    Introduction. 

1.  The  tests  the  results  of  which  are  here  recorded  constitute  the 
first  work  of  the  recently  established  locomotive  laboratory  of  the  Uni- 
versity of  Illinois.  They  relate  to  a  typical  consolidation  locomotive 
which  was  loaned  to  the  University  by  the  Illinois  Central  Rrailroad. 

In  Part  I  of  this  report  the  aim  has  been  to  present  as  brief  a 
statement  of  the  conditions  and  results  as  is  compatible  with  a  clear 
understanding  of  the  tests.  Part  II,  on  the  other  hand,  consists  of 
appendixes  in  which  supplementary  detail  is  fully  recorded.  In  the 
presentation  and  discussion  of  the  results  in  Part  I,  only  the  more  im- 
portant facts  concerning  boiler  and  engine  performance  have  been  in- 
cluded. There  remain  in  the  complete  record  of  results  given  in  Ap- 
pendix 4  many  facts  which  may  be  of  use  to  those  interested  in  the 
details  of  boiler  and  engine  tests.  In  this,  the  first  publication  relat- 
ing to  the  work  of  the  laboratory,  laboratory  equipment  and  methods 
are  described  in  detail  in  order  to  complete  the  record  and  to  provide 
a  basis  for  reference  in  future  publications  from  which  such  detail 
will  be  omitted. 

2.  Purpose  of  the  Tests. — The  locomotive  was  first  tested  in  the 
condition  in  which  it  was  received  from  service.  It  was  then  sub- 
jected to  certain  repairs  some  of  which  affected  its  performance,  and 
was  again  fully  tested.  The  main  purpose  of  the  tests  was  to  deter- 
mine the  general  performance  of  the  locomotive  and  the  performance 
of  its  boiler  and  engines  after  the  repairs  were  made  and  when  the 
locomotive  was  in  excellent  condition. 

3.  Acknowledgments. — The  locomotive  was  loaned  for  the  tests 
through  the  interest  and  courtesy  of  Mr.  W.  L.  Park,  Vice  President, 
and  Mr.  Morgan  K.  Barnum,  General  Superintendent  of  Motive  Power, 
of  the  Illinois  Central  Railroad.  During  the  progress  of  the  tests  Mr. 
R.  W.  Bell,  then  General  Superintendent  of  Motive  Power,  and  vari- 
ous members  of  his  staff  frequently  gave  assistance  and  advice  to  those 
in  charge  of  the  laboratory.  It  is  a  pleasure  to  record  here  our  ap- 
preciation of  these  services. 

Mr.  Franklin  W.  Marquis,  formerly  Associate  in  the  Department 
of  Railway  Engineering,  was  in  immediate  charge  of  the  laboratory 
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from  its  establishment  until  the  completion  of  the  first  ten  tests  in- 
cluded in  this  report.  He  also  had  a  large  share  in  working  out  the 
details  of  the  laboratory  design.  To  him  is  due  the  successful  solution 
of  many  of  the  problems  which  arose  in  putting  the  equipment  in 
operation  and  in  establishing  the  test  procedure. 

We  would  acknowledge  also  the  assistance  received  from  the  nu- 
merous members  of  the  laboratory  staff  and  especially  from  Mr.  H.  H. 
Dunn. 

II.     The  Locomotive. 

The  locomotive  tested  is  of  the  consolidation  (2-8-0)  type,  built 
by  the  Baldwin  Locomotive  Works  in  1909.  It  weighs  223  000  pounds, 
and  has  22  in.  x  30  in.  simple  cylinders  using  saturated  steam.  Its 
principal  dimensions  are  given  below,  and  a  detailed  description  ap- 
pears in  Appendix  1. 

Total  weight,  in  working  order,  lb 223  000 

Weight  on  drivers,  lb 200  900 

Cylinders  (simple),  diameter  and  stroke,  in 22  x  30 

Diameter  of  drivers,  in 63 

Fire-box  width,  in 66 

Grate  area,  sq.  ft 49.55 

Heating  surface,  tubes  (fire  side) ,  sq.  ft 3094 

Heating  surface,  total,  sq.  f t 3283 

Boiler  pressure,  lb.  per  sq.  in 200 

When  it  was  received  at  the  laboratory,  the  locomotive  had  been 
in  service  three  and  one-third  years  and  had  run  107  800  miles.  Im- 
mediately preceding  the  tests  the  locomotive  had  been  in  service  only 
five  weeks  after  receiving  general  repairs,  and  was  in  good  condition 
when  it  arrived  at  the  laboratory.  It  was  completely  tested  in  this 
condition  and  the  results  of  these  tests  are  designated  as  Series  I. 
The  results  of  this  series  disclosed  a  performance  not  quite  so  good  as 
had  been  anticipated  and,  in  the  endeavor  to  do  whatever  was  possible 
to  improve  the  performance,  valves  were  reset  and  eccentric  straps 
shimmed;  cylinders  and  valve  chambers  were  re-bored;  new  pistons 
and  piston  rings,  new  valve  bull-rings  and  packing  rings  were  ap- 
plied; rod  packing  renewed;  the  exhaust  nozzle-tip  changed  from 
5%  in.  to  5%  in. ;  and  a  small  leak  in  one  of  the  steam  pipe  joints 
was  stopped.  Certain  incidental  repairs  having  no  effect  on  perform- 
ance were  made  at  the  same  time.  Following  this  work  the  locomotive 
was  run  the  equivalent  of  about  1200  miles  in  wearing  down  the  cyl- 
inders and  packing  before  making  the  tests  of  Series  2.    It  should  be 
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emphasized  that  all  of  these  repairs  were  resorted  to  only  that  noth- 
ing which  would  probably  improve  the  performance  be  left  undone, 
and  that  under  ordinary  service  requirements  they  would  have  been 
regarded  as  quite  unnecessary.  After  their  completion  the  locomo- 
tive, then  in  excellent  condition,  was  subjected  to  the  tests  which  are 
designated  as  Series  2. 

Locomotive  958  is  a  characteristic  freight  locomotive  of  whose  type 
there  are  about  twenty  thousand  on  American  railways,  or  one  third 
of  the  total  in  service.  Its  weight  and  heating  surface  exceed  the 
average  values  of  these  quantities  for  all  consolidation  locomotives  by 
about  twenty-five  per  cent.  It  is  in  most  respects  thoroughly  repre- 
sentative of  its  type.  Complete  laboratory  tests  of  simple  consolida- 
tion locomotives  are  not  common  and  include  tests  of  only  three  dif- 
ferent classes,  all  of  which  are  somewhat  smaller  than  the  one  here 
under  consideration.* 

III.    Summary  op  the  Results. 

While  it  is  not  possible  to  summarize  all  the  results  of  the  tests 
further  than  is  done  in  the  curves  included  beyond,  it  is  feasible 
briefly  to  state  at  this  point  the  main  facts  defining  the  range  through 
which  the  locomotive  was  worked  and  to  indicate  the  minimum  or 
maximum  values  of  a  few  of  the  more  important  quantities.  The 
statements  apply  to  the  tests  of  Series  1  and  2  combined. 

4.  The  Boiler. — The  maximum  amount  of  dry  coal  fired  per  hour 
during  any  of  the  tests  was  11 127  lb.  or  224.5  lb.  per  square  foot  of 
grate  per  hour,  an  amount  much  in  excess  of  what  is  usual  or  de- 
sirable on  hand-fired  locomotives  in  service.  The  maximum  quantity 
of  cinders  ejected  into  the  front  end  and  from  the  stack  amounted  to 
27.4  per  cent  of  the  dry  coal  fired.  This  cinder  loss  also  is  quite  un- 
usual and  it  occurred  under  conditions  which  rarely  prevail  in  ser- 
vice, the  draft  during  this  test  being  equivalent  to  12.8  inches  of  water 
in  front  of  the  diaphragm. 

During  the  test  in  which  the  heating  surface  was  forced  to  its 
greatest  activity,  the  total  equivalent  evaporation  per  hour  was  57  954 
lb.,  or  17.65  lb.  per  square  foot  of  heating  surface  per  hour.  This  rate 
of  evaporation  is  altogether  unusual  in  service  and  has  been  exceeded 
only  rarely  under  test  conditions.    The  best  economic  performance  of 
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the  boiler  was  obtained  in  test  No.  2024  during  which  the  equivalent 
evaporation  per  pound  of  dry  coal  was  10.07  lb.  There  is  some  doubt 
however  about  the  validity  of  this  result  which  exceeds  the  next  high- 
est evaporation  per  pound  of  coal  (8.96  lb.)  by  12.4  per  cent. 

These  results  were  all  obtained  when  using  run-of-mine  coal  from 
Mission  Field  Mine,  Vermilion  County,  Illinois,  which  varied  in  heat- 
ing value  from  11  835  B.t.u.  to  12  848  B.t.u.  per  pound  of  dry  coal. 

5.  Hie  Engines  and  the  Locomotive. — The  maximum  indicated 
horse  power  developed  during  the  tests  was  1654  which  occurred  in 
test  No.  2093  with  a  cut-off  of  48.6  per  cent  and  a  speed  of  30.4  miles 
per  hour.  This  is  the  greatest  power  which  has  been  developed  during 
laboratory  tests  with  a  locomotive  of  this  type.  The  maximum  draw- 
bar horse  power  was  1431.  The  maximum  tractive  effort  developed, 
29  240  lb.,  is  only  75  per  cent  of  the  rated  maximum  and  is  not  sig- 
nificant because  of  the  fact  that,  as  in  all  laboratory  tests,  it  was  not 
feasible  to  work  the  locomotive  at  the  lowest  speeds  and  the  greatest 
cut-offs. 

The  lowest  water  rate  attained  was  27.17  lb.  of  dry  steam  per  in- 
dicated horse  power  per  hour.  This  steam  consumption  is  not  so  low 
as  has  been  previously  obtained  in  tests  of  locomotives  of  this  type 
under  similar  conditions,  being  almost  17  per  cent  in  excess  of  the 
lowest  figure  previously  recorded.  The  minimum  heat  content  of  the 
dry  coal  fired  per  indicated  horse  power  per  hour  was  50  872  B.t.u. 
and  the  minimum  dry  coal  fired  per  hour  per  indicated  horse  power 
was  4.00  lb.  The  minimum  dry  coal  fired  per  hour  per  drawbar  horse 
power  was  4.62  lb. 

IV.     The  Tests  and  the  Test  Program. 

The  locomotive  was  worked  during  the  tests  throughout  a  range  of 
speed  corresponding  to  that  which  would  ordinarily  prevail  in  service. 
At  each  of  the  various  speeds  the  endeavor  was  made  to  vary  the  cut- 
off throughout  as  wide  a  range  as  the  capacity  of  the  boiler  or  of  the 
grate  would  permit.  The  adhesion  between  the  drivers  and  the  sup- 
porting wheels  in  the  laboratory  is  less  however  than  the  adhesion  be- 
tween the  drivers  and  the  rail  on  the  road,  and  consequently  it  was 
impossible  at  low  speeds  to  run  at  maximum  cut-offs.  The  designa- 
tions for  speed  and  cut-off  used  in  this  section  are  approximate  only, 
and  represent  the  conditions  predetermined  for  each  test.   The  actual 
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average  values  attained  during  the  tests  appear  in  Appendix  4.    All 
tests  were  run  with  the  throttle  wide  open. 


Table  1. 
Test  Program — Series  2. 

SHOWING   TESTS  RUN   AT  VARIOUS   SPEEDS   AND    CUT-OFFS. 


Approximate 
Speed 

Approximate  Cut-off — Per  cent  of  Stroke 

Rev. 

per 

Minute 

Miles 

per 

Hour 

16 

24 

82 

40 

48 

56 

55 

10 

2081 
2086 

2075 
2097 

2085 
2096 

2095 
2098 

110 

20 

2080 
2087 

2077 

2073 

2072 

2084 

2094 

165 

SO 

2083 

2078 

2074 
2092 

2076 

2082 

2093 

220 

40 

2088 

2079 

2089 

Table  2. 
Test  Program — Series  1. 

SHOWING  TESTS  RUN  AT  VARIOUS  SPEEDS  AND   CUT-OFFS. 


Approximate 
Speed 

Approximate  Cut-off — Per  cent  of  Stroke 

Rev. 

per 

Minute 

Miles 

per 

Hour 

16 

20 

24 

32 

40 

48 

55 

10 

2024 

2028 

83 

15 

2017 
2021 

2026 

2018 
2020 

2019 
2022 

2031 

110 

20 

2027 

2029 

2035 

2033 

138 

25 

2009 

2012 

2013 

2023 

165 

30 

2030 

2032 

2037 

193 

35 

2016 

2010 

2015 

2014 

2034 

6.  Series  2. — Series  2  comprises  25  tests  and  includes  tests  2072 
to  2098  (excepting  only  tests  2090  and  2091  which  are  referred  to 
beyond).  In  this  series  the  speed  varied  from  10  to  40  miles  per  hour 
or  from  55  to  220  revolutions  per  minute,  while  the  cut-off  ranged 
from  16  per  cent  to  56  per  cent  of  the  stroke.  The  distribution  of  these 
tests  at  the  different  speeds  and  cut-offs  is  shown  in  Table  1. 

As  elsewhere  explained,  (see  section  II  and  Appendix  1)  the  loco- 
motive during  this  group  of  tests  was  in  excellent  condition,  valves 
having  been  reset,  valve  chambers  and  cylinders  rebored,  the  packing 
for  pistons  and  valves  and  rods  renewed,  a  leak  in  one  of  the  steam 
pipe  joints  stopped,  and  the  exhaust  nozzle  tip  changed  from  5*4  in. 
to  5%  in. 
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7.  Series  1. — Series  1  comprises  26  tests  and  includes  tests  2009 
to  2037  (excepting  No.  2011,  2025,  and  2036).  Test  2025  is  omitted 
from  the  record  because  of  errors  in  water  measurement,  and  tests  2011 
and  2036  were  discontinued  before  their  completion — one  on  account 
of  an  injector  failure,  the  other  on  account  of  a  faulty  valve  in  the 
line  supplying  oil  to  the  absorption  brakes. 

In  this  group  of  tests  the  speed  varied  from  10  to  35  miles  per  hour 
or  from  55  to  193  revolutions  per  minute,  while  the  cut-off  ranged  from 
16  per  cent  to  48  per  cent  of  the  stroke.  The  distribution  of  these 
tests  at  the  different  speeds  and  cut-offs  is  shown  in  Table  2.  During 
Series  1  the  locomotive  was  in  the  condition  in  which  it  was  received 
at  the  laboratory,  which  is  distinguished  from  the  condition  prevailing 
during  Series  2  by  the  repairs  above  cited. 

8.  Intermediate  Tests. — Immediately  after  the  completion  of  the 
tests  of  Series  1,  the  valves  of  the  locomotive  were  reset,  the  eccentric 
straps  shimmed,  rod  packing  replaced,  and  the  valve  rings  and  piston 
rings  were  renewed  and  refitted.  After  these  changes  eight  tests — 
No.  2038  to  2045— were  run. 

These  changes,  intended  to  improve  cylinder  performance,  did  not 
materially  affect  it.  Because  of  them,  however,  these  tests  are  ex- 
cluded from  Series  1  and  their  results  appear  only  in  Appendix  4. 
They  are  not  included  in  any  of  the  figures  presented  in  the  report. 
Since  during  these  eight  tests  the  condition  of  the  boiler  was  exactly 
the  same  as  during  Series  1,  their  results  relating  to  boiler  perform- 
ance are  comparable  with  those  of  that  series. 

During  the  progress  of  Series  2,  two  tests — No.  2090  and  2091 — 
were  run  with  the  nozzle  tip  changed  from  5y§  i*1-  to  51/4  in.  With 
this  exception  all  conditions  prevailing  in  these  two  tests  were  the  same 
as  in  Series  2.  These  tests  are  referred  to  beyond,  and  their  results 
are  separately  presented  in  Appendix  4.  They  are  excluded  from 
Series  2. 

In  addition  to  the  tests  above  mentioned,  26  runs  (No.  2046- 
2071)  were  made  for  such  purposes  as  to  wear  down  the  cylinder 
and  valve  chambers  after  re-boring,  to  make  final  choice  of  ex- 
haust nozzle  tip,  etc.  While  these  runs  were  given  test  numbers,  they 
were  incomplete  and  were  not  intended  to  be  included  in  the  report. 
Of  the  64  tests  made  with  the  expectation  that  they  would  be  embodied 
in  the  report,  only  the  three  referred  to  in  paragraph  7  have  been  ex- 
cluded from  the  record. 
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V.     Test  Methods  and  Test  Conditions. 

9.  Methods  and  Equipment. — The  methods  employed  in  conduct- 
ing the  tests  and  in  deriving  the  results  are  explained  in  detail  in 
Appendixes  3  and  5.  They  conform  in  general  to  those  prescribed  by 
the  American  Railway  Master  Mechanics'  Association  code  for  con- 
ducting laboratory  tests  of  locomotives,  published  in  the  Proceedings 
of  the  Association  for  1914.  Whatever  deviations  from  this  code  have 
been  found  desirable  are  indicated  in  the  appendixes. 

The  laboratory  equipment  is  described  in  Appendix  2.  While  this 
equipment  differs  in  several  details  from  that  of  other  laboratories,  the 
only  difference  which  has  materially  affected  test  methods  lies  in  the 
presence  of  a  cinder  separator,  through  which  all  the  exhaust  gases 
pass  and  in  which  the  entire  body  of  cinders  is  collected.  Except  dur- 
ing one  group  of  tests  conducted  at  the  Pennsylvania  Railroad  testing 
plant,  when  temporarj^  provision  was  made  to  collect  all  the  cinders 
issuing  from  the  stack,  the  cinder  discharge  has  been  determined  in 
other  laboratory  tests  merely  by  sampling  the  exhaust  gas  stream. 

The  design  of  this  cinder  separator  is  illustrated  in  Appendix  2. 
Its  operation  has  been  entirely  successful.  Repeated  examinations  of 
the  exhaust  gases  as  they  issued  from  the  separator,  and  unsuccessful 
attempts  to  collect  solid  matter  in  the  neighborhood  of  the  laboratory 
stack  have  made  it  clear  that  the  separator  collects  and  retains  even 
the  finest  cinders  under  all  test  conditions.* 

10.  Conditions. — As  previously  stated  the  coal  used  during  all  the 
tests  came  from  Mission  Field  Mine,  Vermilion  County,  Illinois.  For 
all  tests  to  and  including  No.  2091  run-of-mine  coal  was  used.  During 
tests  2092,  2093,  2094,  and  2095  a  mixture  of  run-of-mine  and  screened 
lump  was  used,  which  in  appearance,  analysis,  and  performance  was 
not  materially  different  from  the  run-of-mine  alone.  During  the  last 
three  tests,  (2096-2098)  on  account  of  a  shortage  in  the  supply  of  run- 
of-mine  coal,  li/o-in.  screenings  were  used.  Because  of  this  difference 
in  conditions,  all  data  and  all  results  involving  coal  are  excluded  from 
the  record  of  these  three  tests. 

The  locomotive  during  all  tests  was  fired  by  C.  Welker,  a  skilled 
fireman,  detailed  for  this  purpose  by  the  Illinois  Central  Railroad  from 
their  regular  force.  Previous  to  his  engagement  at  the  laboratory,  he 
had  had  four  and  one-half  years'  experience  as  fireman  on  this  road 
and  upon  the  completion  of  the  tests  returned  to  their  service.    Dur- 

*The  term  cinders  is  here  used  to  mean  particles  of  appreciable  size  as  distinguished 
from  impalpable  dust.  Samples  of  the  stack  cinders  representing  the  entire  range  in  rate 
of  combustion  contained"  from  10  to  18  per  cent  of  material  which  passed  a  200  mesb 
screen. 
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ing  some  of  the  tests  he  was  assisted  by  one  of  three  other  firemen  who 
were  also  detailed  at  various  times  from  the  local  Illinois  Central  force. 
None  of  these  men  had  had  less  than  one  year's  experience.  Mr.  Wel- 
ker  in  these  tests,  as  in  those  in  which  he  acted  alone,  remained  in 
charge  and  responsible  for  the  character  of  the  work. 

The  condition  of  the  locomotive  has  been  briefly  stated  in  Section  II 
and  is  more  fully  explained  in  Appendix  1.  The  test  program  and  the 
conditions  of  speed  and  cut-off  have  been  presented  in  section  IV. 

VI.     The  Results  of  the  Tests  of  Series  2. 

All  the  data  and  the  results  of  the  tests  of  Series  2  are  presented 
in  detail  in  the  tables  of  Appendix  4.  There  are  included  in  this  sec- 
tion only  the  more  important  data  and  results  relating  to  the  perform- 
ance of  the  boiler,  the  engines,  and  the  locomotive.  These  facts  are 
here  presented  in  both  tabular  and  graphical  form.  In  establishing 
the  relations  between  results  chief  reliance  is  placed  upon  the  figures : 
and  the  tabular  matter,  which  is  a  repetition  of  parts  of  Appendix  4, 
is  included  for  convenience  of  reference  only.  Except  where  other- 
wise specifically  stated,  the  curves  in  the  figures  have  been  produced 
by  averaging  the  coordinates  of  various  groups  of  points,  plotting 
these  average  values,  and  passing  as  nearly  as  possible  through  the 
points  thus  determined  a  smooth  curve.  The  test  designations  which 
appear  in  the  tables  indicate  first  the  approximate  speed  in  revolutions 
per  minute,  next  the  nominal  cut-off  in  per  cent,  and  finally  the 
amount  of  throttle  opening.  Thus  in  test  2072,  designated  as  110-40-F, 
the  speed  was  about  110  revolutions  per  minute,  the  cut-off  approx- 
imately 40  per  cent,  and  the  throttle — as  in  all  the  tests — was  "full" 
or  wide  open. 

A.    Boiler  Performance. 

The  more  significant  data  and  results  pertaining  to  the  perform- 
ance of  the  boiler  in  Series  2  are  collected  from  Appendix  4  and  pre- 
sented here  in  Tables  3  and  4,  which  include  nearly  all  the  facts  used 
in  producing  the  figures  relating  to  boiler  performance.  In  both  of 
these  tables  the  tests  are  arranged  in  the  order  of  the  increasing 
amounts  of  dry  coal  fired  per  hour  per  square  foot  of  grate  (code  No. 
627) .  If  this  arrangement  is  borne  in  mind,  some  of  the  relations  may 
be  more  definitely  and  quite  as  conveniently  studied  in  the  tables  as  in 
the  curves. 

In  attempting  to  draw  from  these  results  inferences  concerning  the 
performance  of  locomotives  in  service,  it  should  be  remembered  that 
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during  the  tests  the  builer  was  forced  somewhat  beyond  the  limits 
which  would  ordinarily  be  maintained  in  service ;  so  that  the  maximum 
test  values  of  such  measures  of  boiler  activity  as  draft,  rate  of  com- 
bustion, and  rate  of  evaporation  are  somewhat  greater  than  the  values 
which  would  be  maintained  on  the  road  for  any  except  very  short 
periods. 

11.  General  Conditions. — The  average  boiler  pressure  varied  dur- 
ing the  tests  of  this  series  from  191.5  to  199.2  pounds,  and  the  feed 
temperature  ranged  between  44.7  and  63.6  degrees.  As  is  common  un- 
der the  uniform  conditions  of  load  which  are  maintained  in  laboratory 
tests,  the  quality  of  the  steam  was  high  and  nearly  uniform  throughout 
the  series,  the  lowest  quality  being  0.984  and  the  highest  0.9963. 

The  calorific  value  of  the  fuel  varied  between  the  limits  of  10  487 
and  11  660  B.t.u.  per  pound  of  coal  as  fired,  and  from  12  095  to 
12  848  B.t.u.  per  pound  of  dry  coal.  The  ash  in  the  coal  as  fired 
varied  from  9.64  to  13.96  per  cent. 

Of  the  25  tests  of  Series  2,  seventeen  were  of  more  than  one  hour's 
duration.  In  the  remaining  eight  tests  the  test  period  was  less  than 
one  hour,  being  in  one  test  only  25  minutes.  Even  in  this  test,  how- 
ever, the  coal  burned  amounted  to  4095  pounds. 

12.  Draft. — The  relation  between  the  draft  values  and  the  rate  of 
combustion  is  indicated  in  Fig.  2,  and  their  relation  to  rate  of  evapora- 
tion in  Fig.  3.  Inspection  of  the  curve  of  firebox  draft  in  these  figures 
reveals  close  agreement  between  the  values  represented  by  the  indi- 
vidual points  and  the  average  value  represented  by  the  curve.  This 
fact  may  be  accepted  as  an  indication  of  the  uniformity  with  which  the 
fire  was  managed  during  the  tests. 

In  test  2093  the  drafts  in  front  of  the  diaphragm,  back  of  the  dia- 
phragm, in  the  firebox,  and  in  the  ashpan  were  12.8,  7.8,  3.4,  and  0.9 
inches  of  water  respectively.  The  rate  of  combustion  in  this  test  was 
118.66  pounds  of  coal  per  hour.  The  drafts  cited  are  the  maxima  at- 
tained during  this  series  except  in  the  case  of  firebox  draft  which  was 
exceeded  by  0.1  of  an  inch  in  one  other  test. 

13.  Firebox  and  Front-end  Temperatures. — The  temperature  of 
the  gases  in  the  firebox  varied  between  1267  and  1785  degrees  during 
the  first  twelve  tests  of  this  series.  This  temperature  was  not  recorded 
during  the  remaining  tests  because  of  a  break-down  in  the  pyrometer 
equipment.  The  relation  of  this  temperature  to  both  rate  of  combus- 
tion and  rate  of  evaporation  is  exhibited  by  the  upper  curves  of  Fig. 
4  and  5  respectively. 
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Fig.  2.     The  Eelations  Between  Draft  and  Rate  of  Combustion. 
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Fig.  3.     The  Relations  Between  Draft  and  Rate  of  Evaporation. 
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Fig.  4.     The  Relations  Between  Firebox  and  Front-end  Temperatures 

and  Rate  of  Combustion. 


h 
X 

« 

< 

Ch 

vx 
H 
W 
M 

w 

3 

H 

« 
W 

Ph 

a 

M 

EH 


2000 

O 

FIREBOX 

1600 

5 

"n 

c 

1200 

< 

^ 

FRONT    END 

800 

400 

o 

A 

c. 

Q 

in 

I'' 

1  A 

1* 

1  « 

EQUIVALENT  EVAPORATION  PER  SQUARE  FOOT  OF  HEATING  SURFACE 

PER  HOUR — POUNDS 

Fig.  5.    The  Relations  Between  Firebox  and  Front-end  Temperatures 

and  Rate  of  Evaporation. 


The  temperature  of  the  gases  in  the  front-end  ranged  between  506 
and  702  degrees  and  increased  very  regularly  as  the  activity  of  the 
grate  and  of  the  heating  surface  was  increased.  The  relation  of  front- 
end  temperature  to  rate  of  combustion  appears  in  the  lower  curve  of 
Fig.  4,  and  its  relation  to  rate  of  evaporation  in  Fig.  5. 
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14.  Coal  Consumption. — The  smallest  amount  of  fuel  fired  during 
any  of  the  tests  was  3799  pounds  of  moist  coal  or  3334  pounds  of  dry 
coal.  The  greatest  amount  per  test  was  8506  pounds  of  moist  coal 
or  7495  pounds  of  dry  coal.  The  rate  of  firing  ranged  from  1975 
pounds  of  dry  coal  per  hour  in  test  2081  to  11 127  pounds  of  dry  coal 
per  hour  in  test  2089.  The  rate  of  combustion  varied  between  39.9 
and  224.5  pounds  of  dry  coal  per  square  foot  of  grate  per  hour. 

15.  Evaporation. — The  equivalent  evaporation  per  hour  varied 
between  the  limits  of  17  277  and  57  954  pounds.  The  rate  of  increase 
in  equivalent  evaporation  per  hour  with  respect  to  the  hourly  con- 
sumption of  dry  coal  is  exhibited  in  Fig.  6.  In  this  figure  four  of 
the  highest  values  of  evaporation  are  somewhat  more  divergent  from 
the  average  represented  by  the  curve  than  are  the  values  for  other 
tests.  These  four  are  all  tests  of  short  duration  in  which  the  measure- 
ment of  the  coal  may  be  on  this  account  slightly  less  accurate  than  in 
the  other  tests.  Two  of  them,  however,  are  teste  in  which  the  coal  used 
was  the  mixture  of  lump  and  run-of-mine  referred  to  in  section  V, 
and  this  fact  may  perhaps  partially  account  for  their  divergence. 

The  equivalent  evaporation  per  square  foot  of  heating  surface  per 
hour  varied  in  this  series  from  5.26  pounds  to  17.65  pounds.  Fig.  7 
shows  the  relation  of  the  rate  of  evaporation  to  the  amount  of  dry  coal 
fired  per  square  foot  of  grate  per  hour. 

16.  Boiler  Horse  Power. — Under  the  usual  convention  of  34.5 
pounds  of  equivalent  evaporation  per  hour  per  horse  power,  the  boiler 
of  this  locomotive  developed  a  maximum  horse  power  of  1680.  This 
maximum  is  equivalent  to  one  horse  power  for  each  1.95  square  feet 
of  heating  surface,  or  for  each  0.295  of  a  square  foot  of  grate  area. 

17.  Economic  Performance. — The  equivalent  evaporation  per 
pound  of  dry  coal  ranged  from  a  minimum  of  4.94  to  a  maximum  of 
8.75  pounds.  This  range  represents  as  good  a  performance  as  would 
be  expected  from  the  grade  of  coal  used.  The  lower  evaporations  per 
pound  of  coal  were  of  course  obtained  with  the  higher  rates  of  com- 
bustion and  evaporation.  The  rate  of  this  decrease  in  evaporation  per 
pound  of  dry  coal  is  shown  in  Fig.  8  and  9,  the  former  showing  the 
decrease  with  respect  to  increase  in  the  rate  of  combustion  and  the 
latter  with  respect  to  increase  in  the  rate  of  evaporation.  Either  of 
these  figures  may  serve  as  an  index  of  the  general  performance  of  the 
boiler. 

18.  Boiler  Efficiency. — By  efficiency  is  meant,  in  this  connection, 
the  ratio  of  the  heat  absorbed  by  the  boiler  to  the  heat  contained  in 
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Fig.  8.     The  Kelation  Between  Evaporation  per  Pound  of  Coal 
and  Kate  of  Combustion. 
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Fig.  9.     The  Eelation  Between  Evaporation  per  Pound  of  Coal 
and  Kate  of  Evaportaion. 


the  coal  in  the  condition  in  which  it  was  supplied  to  the  fire,  and  it 
represents  therefore  the  combined  efficiencies  of  the  furnace  and  of 
the  boiler  proper,  in  producing  and  utilizing  the  heat.  The  maximum 
efficiency,  67.61  per  cent,  was  obtained  in  test  2095  with  a  rate  of  com- 
bustion of  67.3  pounds  of  dry  coal  per  square  foot  of  grate  per  hour, 
which  is  not  quite  the  lowest  rate  of  combustion  occurring  during  this 
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Fig.  10.     The  Kelation  Between  Boiler  Efficiency  and  Eate  of 

Combustion. 
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Fig.  11.     The  Eelation  Between  Boiler  Efficiency  and  Eate  of 

Evaporation. 


series.  The  minimum  efficiency,  38.77  per  cent,  was  obtained  in  test 
2089  in  which  the  highest  rate  of  combustion  prevailed,  namely  224.5 
pounds  of  dry  coal  per  square  foot  of  grate  per  hour.  The  relations 
of  efficiency  to  rate  of  combustion  and  to  rate  of  evaporation  are 
shown  in  Fig.  10  and  11,  respectively. 
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19.  Cinder  Losses. — The  data  relating  to  the  cinder  losses  which 
occurred  during  these  tests  have  an  especial  significance  in  view  of  the 
methods  by  which  they  were  obtained.  The  locomotive  was  equipped 
with  a  self-cleaning  front-end  and  the  maximum  amount  of  cinders 
there  collected  during  any  test  was  only  21  pounds.  In  no  test  did 
the  weight  of  front-end  cinders  amount  to  more  than  0.4  of  one  per 
cent  of  the  dry  coal  fired.  For  this  reason  no  attempt  is  made  to  dis- 
tinguish between  cinders  accumulated  in  the  front  end  and  those  dis- 
charged from  the  stack,  in  the  discussion  here  presented,  although  they 
are  so  distinguished  in  Table  4.  In  the  discussion  only  the  total 
amounts  of  cinders  formed  are  referred  to.  These  are  substantially 
the  same  as  the  amounts  discharged  from  the  stack. 

The  minimum  cinder  loss  occurred  in  test  2081,  during  which  cin- 
ders were  formed  at  the  rate  of  69  pounds  per  hour.  The  draft  in  this 
test  was  equivalent  to  2.2  inches  of  water  in  front  of  the  diaphragm, 
and  the  rate  of  combustion  was  39.9  pounds  of  dry  coal  per  square 
foot  of  grate  per  hour.  The  greatest  cinder  loss  amounted  to  2984 
pounds  per  hour  and  occurred  in  test  2089,  in  which  the  correspond- 
ing draft  was  11.9  inches  of  water  and  the  rate  of  combustion  224.5 
pounds  of  dry  coal  per  square  foot  of  grate  per  hour.  Fig.  12  shows 
the  increase  in  cinders  formed  per  hour  as  the  amount  of  coal  burned 
per  hour  increases. 

These  cinder  losses  are  more  conveniently  expressed  as  percentages 
of  the  weight  of  dry  coal  fired,  and  they  are  so  presented  in  Table  4. 
Inspection  of  this  table  shows  the  minimum  loss  to  have  amounted  to 
3.5  per  cent  of  the  dry  coal  fired.  This  loss  occurred  in  test  2081  in 
which,  as  above  stated,  the  draft  in  front  of  the  diaphragm  was  2.2 
inches  of  water  and  39.9  pounds  or  dry  coal  were  burned  per  square 
foot  of  grate  per  hour.  The  maximum  cinder  loss  amounted  to  27.4 
per  cent  of  the  dry  coal  fired  and  occurred  in  test  2093,  when  the  draft 
was  12.8  inches  and  the  rate  of  combustion  206.2  pounds  of  dry  coal 
per  square  foot  of  grate  per  hour.  With  few  exceptions  the  cinders  in- 
crease in  amount  with  every  increase  in  the  rate  of  combustion.  Fig.  13 
shows  the  relation  between  cinder  loss  in  per  cent  of  the  dry  coal  fired 
and  the  rate  of  combustion.  The  cinder  losses  have  been  expressed  as 
percentages  of  the  dry  coal  rather  than  of  the  coal  as  fired,  because  of 
the  accidental  variations  in  the  moisture  content  of  the  latter.  For  this 
reason  the  amounts  of  dry  coal  fired  have  seemed  here  as  elsewhere  to 
offer  the  more  logical  basis  for  computation.  If  the  cinder  losses  had 
been  based  upon  moist  instead  of  dry  coal  they  would  have  been  de- 
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Fig.  12.     The  Eelation  Between  Hourly  Cinder  Discharge  and 
Hourly  Coal  Consumption. 
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Fig.  13.    The  Eelation  Between  Cinder  Discharge  and  Eate  of 

Combustion. 
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fined,  of  course,  by  smaller  percentages.  So  based,  the  cinder  losses  in 
this  series  varied  between  3.1  and  23.6  per  cent. 

In  service  the  dry  coal  fired  per  square  foot  of  grate  per  hour  prob- 
ably would  rarely  exceed  120  pounds.  At  this  rate  of  combustion 
Fig.  13  indicates  a  cinder  loss  of  about  16  per  cent.  On  the  road, 
therefore,  except  during  rare  and  short  intervals,  the  cinder  discharge 
for  this  locomotive  would  probably  range  between  3  and  16  per  cent 
of  the  weight  of  the  dry  coal  fired,  when  using  coal  similar  to  that  used 
during  these  tests. 

The  immediate  cause  of  the  cinder  discharge  is  of  course  the  in- 
tense draft  which  is  essential  in  locomotive  boiler  operation.  The  rela- 
tion of  the  cinder  loss  to  draft  is  shown  in  Fig.  14  in  which  the  ordi- 
nates  represent  cinder  discharge  in  percentages  of  the  dry  coal,  and 
the  abscissae  the  draft  in  the  front-end  in  front  of  the  diaphragm. 
Fig.  14  shows  the  cinder  discharge  to  have  been  almost  directly  pro- 
portional to  draft. 

The  heating  value  of  the  cinders  varied  greatly,  depending  on  the 
speed  of  their  transit  through  the  furnace  and  boiler.  This  speed  is 
obviously  influenced  largely  by  the  draft,  which  in  turn  determines 
also  the  rate  of  combustion.  The  increase  in  the  heating  value  of  the 
cinders  as  the  rate  of  combustion  increases  is  shown  in  Fig.  15,  in 
which  the  ordinates  represent  the  heating  value  of  the  cinders  ex- 
pressed as  percentages  of  the  B.t.u.  contained  in  the  dry  coal,  and 
the  abscissae  represent  the  rates  of  combustion.  In  test  2081  with  the 
lowest  rate  of  combustion  and  the  smallest  cinder  loss,  the  calorific 
value  of  the  cinders  was  only  44.9  per  cent  of  the  calorific  value  of  the 
dry  coal.  In  test  2089  with  the  highest  rate  of  combustion  and  next 
to  the  greatest  cinder  discharge,  the  calorific  value  of  the  cinders  was 
92  per  cent  of  that  of  the  dry  coal,  the  cinders  in  this  case  having 
passed  through  the  boiler  practically  unburnt. 

20.  Heat  Balances. — The  heat  balances  for  the  tests  of  Series  2 
are  presented  in  Table  5,  in  which  the  various  items  of  the  balance 
are  expressed  in  percentages  of  the  heating  value  of  the  coal  in  the 
condition  in  which  it  was  fired.  The  tests  are  arranged  in  the  table 
in  the  order  of  the  increasing  amounts  of  equivalent  evaporation  per 
square  foot  of  heating  surface  per  hour. 
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Fig.  14.     The  Eelation  Between  Cinder  Discharge  and  Draft. 
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Various  Cut-offs. 


'60  ILLINOIS   ENGINEERING   EXPERIMENT    STATION 

B.     Engine  Performance. 

Tables  6  and  7  present  information  relating  to  the  general  condi- 
tions and  the  more  important  results  concerning  engine  and  general 
performance  for  all  tests  of  Series  2.  These  data  are  arranged  in 
groups  with  reference  to  the  speed  of  the  locomotive  and,  within  each 
group,  are  arranged  with  reference  to  the  indicated  horse  power  de- 
veloped, the  first  test  in  each  group  giving  the  lowest  horse  power  de- 
veloped at  the  group  speed.  Appendix  4  contains  data  and  results  for 
all  tests  including  information  concerning  cylinder  performance  as 
shown  by  average  values  taken  from  indicator  diagrams.  Fig.  56  and 
57,  there  included,  show  representative  indicator  diagrams. 

The  nominal  speeds  at  which  the  locomotive  was  operated  were  10, 
20,  30,  and  40  miles  per  hour,  and  the  data  indicate  that  the  actual 
speeds  obtained  closely  approximated  these  figures.  The  nominal  cut- 
offs at  which  the  locomotive  was  operated  were  16,  24,  32,  40,  48,  and 
56  per  cent  of  the  stroke.  The  actual  cut-offs,  as  determined  from  the 
indicator  cards,  do  not  vary  greatly  from  the  nominal  cut-offs.  All 
tests  at  a  given  nominal  cut-off  were  made  with  the  reverse  lever  in 
the  same  notch  of  the  reverse-lever  quadrant.  In  the  discussion  which 
follows  relative  to  engine  and  general  performance,  speed  and  cut-off 
are  referred  to  in  terms  of  the  nominal  values.  All  points  plotted 
upon  the  figures  are,  however,  located  with  regard  to  the  actual  speed 
and  cut-off  as  determined  from  test  data. 

The  data  in  general  indicate  uniform  conditions  in  those  particu- 
lars in  which  uniformity  was  sought.  Test  conditions  as  to  nominal 
speed  and  nominal  cut-off  were  duplicated  in  six  cases.  Such  dupli- 
cated tests  show,  in  general,  satisfactory  agreement  as  regards  both 
test  conditions  and  derived  results. 

21.  Dry  Steam  per  Indicated  Horse  Power  Hour  and  per  Drawbar 
Horse  Power  Hour. — Fig.  16  and  17  present  the  relation  between  dry 
steam  per  indicated  horse  power  hour  and  speed.  In  Fig.  16  this  rela- 
tion has  been  shown  with  a  separate  water-rate  scale  for  each  group  of 
tests  at  a  given  cut-off.  In  Fig.  17  the  same  curves  have  been  referred 
to  a  single  water-rate  scale  in  order  that  the  curves  may  be  compared 
more  readily.  No  curve  is  drawn  for  56  per  cent  cut-off,  since  only 
one  test  was  made  at  that  cut-off. 

The  minimum  water-rate  was  27.17  pounds  of  dry  steam,  and  oc- 
curred in  test  2074  at  a  speed  of  30  miles  per  hour  and  32  per  cent 
cut-off.  The  maximum  water  rate  was  31.53  pounds  of  dry  steam,  and 
occurred  in  test  2081  at  a  speed  of  10  miles  per  hour  and  24  per  cent 
cut-off.     The  difference  between  the  minimum  and  maximum  water- 
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rates  for  all  tests  was  only  4.36  pounds  of  dry  steam.  The  correspond- 
ing differences  between  minimum  and  maximum  rates  at  a  given  cut- 
off are  in  general  much  smaller. 

A  decrease  in  steam  consumption  per  indicated  horse  power  per 
hour  as  speed  increases  is  shown  until  the  speed  has  become  from  20  to 
30  miles  per  hour.  Further  increase  of  speed  is  then  accompanied  by 
increased  steam  consumption,  as  shown  by  all  curves  with  the  excep- 
tion of  that  for  tests  at  16  per  cent  cut-off.  The  tests  at  both  short  and 
long  cut-off  show  comparatively  high  water-rates.  The  best  perform- 
ance is  shown  by  the  curve  for  tests  at  32  per  cent  cut-off.  The  tests 
at  40  per  cent  cut-off  show  rather  better  performance  for  freight  ser- 
vice conditions  than  those  made  at  24  per  cent  cut-off. 

Fig.  18  presents  curves  showing  the  dry  steam  consumed  per  indi- 
cated horse  power  per  hour  in  its  relation  to  cut-off.  A  curve  is  shown 
for  each  of  the  four  nominal  speeds  at  which  tests  were  made — 10,  20, 
30,  and  40  miles  per  hour.  The  tests  made  at  10  and  at  40  miles  per 
hour  show  much  higher  water-rates  than  do  the  tests  made  at  20  and 
30  miles  per  hour.  This  is  particularly  true  for  cut-offs  between  20 
and  50  per  cent.  At  short  cut-off  the  40  miles  per  hour  curve  shows 
a  lower  water-rate  than  the  20  and  30  miles  per  hour  curves.  At  long 
cut-off  the  10  miles  per  hour  curve  appears  likewise  to  show  a  lower 
water-rate  than  the  20  and  30  miles  per  hour  curves. 

Except  during  short  periods  at  starting  and  on  heavy  grades,  the 
speed  of  this  locomotive  in  service  would  probably  vary  between  about 
15  and  35  miles  per  hour,  and  the  cut-off  would  range  from  say  50  to 
20  per  cent.  Under  these  conditions  of  speed  and  cut-off  the  steam 
consumption  varies  between  approximately  27  and  29  pounds  of  steam 
per  indicated  horse  power  per  hour.  It  is  probable  that  this  range 
fairly  represents  the  general  average  water  rate  for  a  very  consider- 
able number  of  freight  locomotives  in  service. 

22.  Indicated  Horse  Power  and  Drawbar  Horse  Power. — Fig.  19 
presents  indicated  horse  power  in  its  relation  to  speed,  each  curve  of 
the  figure  representing  all  of  the  tests  made  at  a  particular  nominal 
cut-off.  In  addition  to  the  relationship  just  mentioned  this  figure 
shows  clearly  the  range  of  the  tests  as  to  speed,  cut-off,  and  load.  It 
further  shows  the  range  covered  within  each  group  of  tests  when  the 
tests  are  grouped  either  according  to  constant  speed  or  to  constant  cut- 
off. The  six  different  conditions  of  speed  and  cut-off  at  which  dupli- 
cate tests  were  made  are  evident,  and  the  proximity  of  the  two  points 
representing  each  pair  of  such  tests  indicates  the  uniformity  obtained 
as  to  speed  and  indicated  horse  power  developed. 
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at  Various  Cut-offs. 
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The  maximum  indicated  horse  power  was  developed  in  test  2093  at 
a  speed  of  30  miles  per  hour  and  at  48  per  cent  cut-off.  The  average 
rate  of  working  for  this  test  was  1633.5  indicated  horse  power.  The 
lowest  rate  of  working  was  for  test  2081,  being  450.5  indicated  horse 
power  while  running  at  10  miles  per  hour  with  24  per  cent  cut-off. 
The  dry  steam  supplied  to  the  engines  per  hour  when  developing 
1633.5  indicated  horse  power  was  48  387  pounds.  The  moist  steam  de- 
livered to  the  engines  for  the  same  test  was  48  812  pounds  per  hour. 

The  relations  between  the  horse  power  developed  at  the  locomotive 
drawbar  and  the  speed  are  shown  in  Fig.  20,  in  which  each  of  the 
curves  presents  this  relation  for  a  particular  cut-off.  The  maximum 
rate  of  1431.6  drawbar  horse  power  and  the  minimum  rate  of  386.0 
drawbar  horse  power  were  developed  during  tests  2093  and  2086  re- 
spectively, the  former  test  being  at  30  miles  per  hour  and  48  per  cent 
cut-off,  and  the  latter  at  10  miles  per  hour  and  24  per  cent  cut-off. 
Owing  to  incomplete  dynamometer  records  for  tests  2081  no  record 
is  available  for  the  drawbar  horse  power  developed  for  this  test.  Tests 
2081  and  2086  were  made  under  similar  conditions  of  speed  and 
cut-off. 

The  plotted  points  and  curves  of  Fig.  19  and  20  show  the  engines 
to  have  been  tested  throughout  a  range  of  speed,  cut-off,  and  loai 
which  would  cover  all  ordinary  service  conditions  above  a  speed  of  10 
miles  per  hour. 

23.  Machine  Friction. — The  diagrams  in  Fig.  21  present  informa- 
tion concerning  machine  friction  and  its  relation  to  indicated  horse 
power  for  speeds  of  10,  20,  30,  and  40  miles  per  hour.  Upon  each 
diagram  is  shown  the  relation  between  the  indicated  horse  power  de- 
veloped and  machine  friction  expressed  in  horse  power  and  also  the 
relation  between  the  indicated  horse  power  developed  and  machine 
friction  expressed  in  per  cent  of  indicated  horse  power.  Obviously  the 
ordinates  of  each  pair  of  curves  in  this  figure  bear  to  each  other  a  defi- 
nite numerical  relation,  and  the  curves  have  been  so  drawn  that  they 
satisfy  this  relation  and  also  fairly  represent  the  plotted  values  for 
the  individual  tests. 

The  range  in  machine  friction  is,  for  the  entire  series,  from  70  to 
242.7  horse  power.  These  values  were  obtained  in  tests  2086  and  2082 
during  which  456.0  and  1457.3  indicated  horse  power  respectively  were 
developed.  Test  2086  was  at  10  miles  per  hour  and  24  per  cent  cut- 
off, and  test  2082  was  at  30  miles  per  hour  and  40  per  cent  cut-off. 
Expressed  as  percent  of  the  indicated  horse  power  developed,  the  mini- 
mum machine  friction  was  10.2  per  cent  and  occurred  in  test  2072; 
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the  maximum  was  21.9  per  cent  and  occurred  in  test  2087.  The  for- 
mer test  was  at  20  miles  per  hour  and  40  per  cent  cut-off,  developing 
1233.8  indicated  horse  power,  and  the  latter  test  at  20  miles  per  hour 
and  16  per  cent  cut-off,  developing  560.3  indicated  horse  power. 

While  the  curves  differ  more  or  less  for  different  speeds,  they  all 
show  the  machine  friction  horse  power  to  increase  with  increasing  in- 
dicated horse  power.  In  general,  the  ratio  of  machine  friction  horse 
power  to  indicated  horse  power  decreases  with  increasing  load.  The 
rate  of  decrease  of  this  ratio  appears  to  be  quite  rapid  for  loads  under 
1000  horse  power,  but  at  greater  loads  the  ratio  becomes  fairly  con- 
stant for  a  given  speed  and  ranges  from  10  per  cent  to  15  per  cent 
for  the  different  speeds. 

Fig.  22  presents  upon  a  single  diagram  the  four  curves  showing 
the  relation  between  the  machine  friction  in  percentage  of  indicated 
horse  power  and  the  indicated  horse  power,  which  are  included  in 
Fig.  21.  The  curves  so  grouped  indicate  that  as  the  speed  increased, 
the  percentage  of  power  which  was  absorbed  by  machine  friction  also 
increased. 

Fig.  23  likewise  presents  upon  a  single  diagram  the  four  curves 
showing  the  relation  between  machine  friction  and  indicated  horse 
power,  the  machine  friction  being  expressed  in  terms  of  horse  power. 
A  general  increase  in  machine  friction  both  with  increase  of  speed  and 
with  increase  of  indicated  horse  power  is  shown.  The  curves  of  Fig. 
23,  taken  as  a  whole,  show  a  tendency  for  the  machine  friction  horse 
power  to  be  fairly  constant  at  a  given  speed  or  to  increase  rather  slowly 
as  the  load  increases  up  to  about  1000  horse  power.  With  loads  greater 
than  1000  to  1200  horse  power,  the  increase  in  machine  friction  is 
more  rapid. 

Fig.  24,  25,  and  26  again  present  machine  friction  in  its  relation 
to  indicated  horse  power.  In  these  figures  however  each  curve  repre- 
sents the  data  for  all  tests  at  a  given  nominal  cut-off,  instead  of  at  a 
given  speed  as  in  the  three  preceding  diagrams.  The  curves  have  been 
located  and  are  presented  in  a  manner  similar  to  that  used  in  connec- 
tion with  Fig.  21,  22,  and  23. 

These  curves  indicate  that  for  a  given  cut-off  machine  friction  horse 
power  increased  with  the  load,  and  at  a  rate  approximately  propor- 
tional to  the  increase  of  the  load.  The  curves  further  indicate  that, 
within  the  range  of  the  tests,  machine  friction  horse  power  increased 
with  decreasing  cut-off  when  the  load  remained  constant.  The  per  cent 
of  indicated  horse  power  absorbed  in  machine  friction  increased  rap- 
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Fig.  25.     The  Eelation  Between  Machine  Friction  and  Indicated 
Horse  Power,  at  Various  Cut-offs. 
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Fig.  26.     The  Eelation  Between  Machine  Friction  Power  and 
Indicated  Horse  Power,  at  Various  Cut-offs. 
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idly  with  decreasing  cut-off  at  constant  load,  and  increased  but  slightly 
with  increasing  load  at  constant  cut-off. 

The  locomotive  tested  carried  100.45  tons  upon  the  drivers.  The 
following  table  presents  machine  friction  in  terms  of  tractive  force  in 
pounds  per  ton  upon  drivers.  The  values  given  in  the  table  were  cal- 
culated from  the  curves  of  Fig.  23,  making  use  of  the  minimum,  maxi- 
mum, and  average  values  for  machine  friction  horse  power  as  shown 
by  the  various  curves.  In  making  these  calculations  nominal  speed 
was  employed. 

Table  8. 
Machine  Friction. — Series  2. 


Speed  in 

Miles  per 

Hour 

Machine  Friction  Expressed  as  Tractive 
Force    in    Pounds    per    Ton    of    Weight 
upon   Drivers. 

Minimum 

Average 

Maximum 

10 
20 
30 
40 

25 
23 
19 
12 

31 
25 
20 
17 

34 
31 

26 
22 

Averages 

20 

23 

28 

For  the  locomotive  tested  the  values  given  in  Table  8  show  20  to 
23  pounds  tractive  force  per  ton  of  weight  on  drivers  to  be  values 
fairly  representative  of  machine  friction  for  practically  all  speeds 
when  the  load  does  not  exceed  1000  to  1200  indicated  horse  power.  For 
conditions  of  low  speed,  however,  and  for  all  speeds  where  the  indi- 
cated horse  power  is  comparatively  high  and  the  maximum  tractive 
effort  is  approached,  the  machine  friction  is  materially  greater,  as 
shown  by  the  values  given  in  the  table  for  the  speed  of  10  miles  per 
hour,  and  by  the  maximum  values,  which  vary  from  22  to  34  lb.  per 
ton  of  weight  upon  the  drivers. 

Fig.  27  and  28  present  machine  friction  in  its  relation  to  speed  in 
miles  per  hour.  A  curve  is  drawn  for  each  nominal  cut-off.  The  val 
ues  presented  are  the  same  as  have  been  shown  in  preceding  curves 
concerning  machine  friction,  and  some  of  the  relations  already  con- 
sidered in  connection  with  Fig.  21  to  26  may  be  seen  in  Fig.  27  and 
28.  While  the  curves  of  Fig.  27  and  28  exhibit  considerable  lack  of 
uniformity,  the  former  figure  shows  machine  friction  horse  power  to 
increase  more  or  less  uniformly  with  increasing  speed  for  all  cut-offs ; 
and  Fig.  28  indicates  that  at  constant  speed  the  ratio  of  machine  fric- 
tion horse  power  to  indicated  horse  power  decreases  as  the  cut-off  in- 
creases, and  that  for  any  given  cut-off  this  ratio  is  fairly  constant 
throughout  the  range  of  speed  shown. 


LABORATORY  TESTS  OF  A  CONSOLIDATION  LOCOMOTIVE 


41 


M 
H 

o 

w 

o 

W 

I 

o 

l-H 

H 
O 

M 
tf 

Cm 

W 
g 

M 

H 

o 


c 

q 

I  I 

48% 

32% 

"^c  - 

££j 

1(\(\  - 

L\J\) 

2  4%  CUT-OFF 

56% 

(ft 

1  75  - 

• 

/ 

J 

1 

r 

1  50  - 

T 

16%  CUT-OFF 

IZj  - 

c 

inn  - 

1UU 

7r  . 

vo 

J   c 

i 

n 

1  e 

-yr\ 

7* 

in 

7  = 

in 

1  c 

r J 

j 

1 

o 

j 

J 

Fh 
O 

w 

s« 

oP-i 

WW 

|  « 

O* 
M^ 

OW 

Cho 

M 

BM 

o 

a 


SPEED— MILES    PER   HOUR 

Fig.  27.     The  Relation  Between  Machine  Friction   Power  and 
Speed,  at  Various  Cut-offs. 
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Fig.  28.     The  Relation  Between  Machine  Friction  and  Speed,  at 

Various  Cut-offs. 
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The  facts  here  presented  seem  to  warrant  the  conclusions  that,  for 
this  locomotive,  the  percentage  of  indicated  horse  power  absorbed  by 
the  friction  of  the  machinery  varies  rather  definitely  with  respect  to 
speed,  to  cut-off,  and  to  load ;  and  that  this  machine  friction  entails  a 
loss  in  tractive  force  between  the  cylinders  and  the  locomotive  draw- 
bar which  varies  from  about  15  to  about  30  pounds  for  each  ton  of 
weight  carried  on  the  driving  wheels. 

C.    General  Performance. 

24.  Coal  Consumption  per  Indicated  Horse  Power  Hour  and  per 
Drawbar  Horse  Power  Hour. — The  curves  of  Fig.  29  show  the  relation 
between  speed  and  the  amount  of  dry  coal  consumed  per  indicated 
horse  power  per  hour.  Each  of  the  curves  there  drawn  applies  to  a 
particular  cut-off.  In  a  similar  manner  the  relation  between  speed 
and  the  dry  coal  consumed  per  drawbar  horse  power  per  hour  is  pre- 
sented in  Fig.  30. 

The  most  economical  performance  was  obtained  in  test  2075,  made 
at  a  speed  of  10  miles  per  hour  and  at  32  per  cent  cut-off.  During 
this  test  4.00  pounds  and  4.62  pounds  of  dry  coal  per  indicated  horse 
power  hour  and  per  drawbar  horse  power  hour  respectively  were  used. 
The  highest  coal  rate  occurred  in  test  2089,  made  at  a  speed  of  40 
miles  per  hour  and  at  40  per  cent  cut-off,  during  which  7.10  pounds 
and  8.38  pounds  of  dry  coal  per  indicated  horse  power  hour  and  per 
drawbar  horse  power  hour  respectively  were  used.  Both  figures  show 
a  more  rapid  increase  in  coal  consumption  with  increase  of  speed  at 
long  cut-off  than  with  increase  of  speed  at  short  cut-off.  This  is  in 
conformity  with  the  results  presented  in  Fig.  19  where  the  relation 
between  indicated  horse  power  and  speed  is  shown.  The  curves  of 
Fig.  29  and  30  show  that  the  economy  was  fairly  constant,  or  in- 
creased slowly  as  speed  was  increased  from  10  to  20  miles  per  hour. 
Tests  at  24  per  cent  cut-off  show  an  economy  apparently  better  at  15 
to  20  miles  per  hour  than  at  10  miles  per  hour.  As  speed  increased 
above  20  miles  per  hour  the  coal  consumption  increased  more  rapidly 
than  at  lower  speeds,  with  the  exception  of  the  tests  made  at  16  per 
cent  cut-off. 

25.  General  Efficiency. — By  general  efficiency  is  meant,  in  this 
connection,  the  ratio  of  the  heat  equivalent  of  the  work  done  at  the 
locomotive  drawbar  to  the  heat  content  of  the  coal.  This  ratio  is  a 
measure  of  the  economic  performance  of  the  locomotive  as  a  whole. 
General  efficiency  and  its  relation  to  speed  are  shown  in  Fig.  31,  in 
which  a  separate  curve  is  presented  for  each  nominal  cut-off. 
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Fig.  29.    The   Eelation   Between   Coal   Consumed   per   Indicated 
Horse  Power  Hour  and  Speed,  at  Various  Cut-offs. 
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Fig.  30.    The  Relation  Between  Coal  Consumed  per  Drawbar 
Horse  Power  Hour  and  Speed,  at  Various  Cut-offs. 
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The  maximum  efficiency  obtained  was  4.44  per  cent,  and  occurred 
in  test  2095  which  was  made  at  a  speed  of  10  miles  per  hour  with  48 
per  cent  cut-off,  while  developing  804.9  indicated  horse  power.  The 
minimum  efficiency  obtained  was  2.46  per  cent,  and  occurred  in  test 
2089  made  at  a  speed  of  40  miles  per  hour  with  40  per  cent  cut-off, 
while  developing  1559.9  indicated  horse  power.  This  group  of  curves 
shows  substantially  the  same  relations  as  were  shown  by  Fig.  29  and 
30  which  presented  coal  consumption  per  indicated  horse  power  hour 
and  drawbar  horse  power  hour.  Collectively  the  curves  indicate  a 
fairly  constant  efficiency  of  about  4  per  cent,  for  speeds  from  10  to  20 
miles  per  hour.  As  the  speed  increases  above  20  miles  per  hour  the 
efficiency  decreases  from  about  4  per  cent  to  about  3  per  cent. 
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Fig.  31.     The  Relation  Between  General  Efficiency  and  Speed,  at 

Various  Cut-offs. 


VII.     The  Results  of  the  Tests  op  Series  I. 

Series  1  comprises  tests  2009  to  2037  inclusive.  The  conditions 
which  prevailed  during  the  tests  of  this  series  have  been  set  forth  in 
sections  IV  and  V,  and  the  differences  in  the  condition  of  the  loco- 
motive during  Series  1  as  compared  with  Series  2  are  stated  in  section 
II  and  in  Appendix  1.  It  is  sufficient  here  to  recall  the  fact  that  dur- 
ing Series  1  the  locomotive  was  in  the  condition  in  which  it  was  deliv- 
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cred  to  the  laboratory.  The  repairs  made  between  Series  1  and  2  did 
not  prove  to  have  affected  radically  the  performance  of  the  locomotive, 
and  most  of  the  relations  presented  in  the  preceding  section  relating 
to  Series  2  remain  substantially  the  same  for  Series  1.  For  these  rea- 
sons it  has  seemed  unnecessary  to  present  the  results  for  Series  1  in 
very  great  detail.  All  the  results  are  given  in  Appendix  4 ;  but  only 
the  more  important  measures  of  performance  are  here  included  and 

discussed. 

D.    Boiler  Performance. 

26.  The  Range  of  Performance. — The  more  significant  data  and 
results  pertaining  to  the  performance  of  the  boiler  during  Series  1  are 
given  in  Table  9,  in  which  the  tests  are  arranged  in  the  order  of  the 
increasing  amounts  of  dry  coal  fired  per  hour.  In  order  to  exhibit 
the  range  of  the  boiler  performance,  the  minimum  and  maximum  val- 
ues of  the  main  data  and  results  are  assembled  in  the  table  immedi- 
ately following.  As  in  all  the  tables,  the  quantities  cited  are  the  aver- 
age values  prevailing  during  the  tests. 

Minimum  Maximum 

Duration  of  test,  minutes 40  180 

Boiler  pressure,  lb.  per  sq.  in 189.9  198.1 

Feed  water  temperature,  deg.  F 57.7  72.2 

Quality  of  the  steam  in  the  dome 0.9833  0.9956 

Calorific  value  of  coal  as  fired,  B.t.u 9929  11  376 

Calorific  value  of  dry  coal,  B.t.u 11  835  12  757 

Ash  content  of  coal  as  fired — per  cent 10.68  14.27 

Draft  in  front  of  diaphragm,  inches  of  water  2.2  10.7 

Firebox  temperature,  deg.  F 1552  2081 

Front-end   temperature,   deg.   F 494  761 

Dry  coal  fired  per  test,  lb 3568  10031 

Dry  coal  fired  per  hour,  lb 1814  7767 

Dry  coal  fired  per  hour  per  square  foot  of 

grate,  lb 36.6  156.8 

Equivalent  evaporation  per  hour,  lb 16  934  46  380 

Equivalent  evaporation  per  hour  per  square 

foot  of  heating  surface,  lb 5.16  14.13 

Total  cinder  loss,  per  hour,  lb 66  1509 

Total  cinder  loss,  per  cent  of  dry  coal 3.4  20.8 

27.  Economic  Performance. — In  Series  1  the  equivalent  evapora- 
tion per  pound  of  dry  coal  ranged  from  a  minimum  of  5.97  pounds  to 
a  maximum  of  10.07  pounds.    This  latter  value,  applying  to  test  2024, 
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is  however  so  divergent  from  the  other  values  for  similar  rates  of  com- 
bustion as  to  raise  doubt  of  its  validity,  although  errors  can  not  be 
found  in  the  data.  The  next  highest  evaporation  per  pound  of  dry 
coal  is  8.96  pounds.  The  rate  of  decrease  in  the  evaporation  per  pound 
of  coal  with  respect  to  increase  in  rate  of  combustion  is  shown  in  Fig. 
32.  The  rate  of  this  decrease  with  respect  to  increase  in  rate  of  evap- 
oration is  shown  in  Fig.  33.  These  two  figures  are  comparable  with 
Fig.  8  and  9  of  Series  2. 

28.  Boiler  Efficiency. — As  previously  explained,  efficiency  in  this 
connection  means  the  ratio  of  the  heat  absorbed  by  the  steam  gen- 
erated, to  the  heat  contained  in  the  coal  as  it  was  fired.  If,  for  the 
reason  above  suggested,  we  exclude  test  2024,  the  highest  efficiency 
obtained  during  Series  1  was  69.88  per  cent,  which  occurred  during 
test  2017  with  a  rate  of  combustion  of  39.5  pounds  of  dry  coal  per 
square  foot  of  grate  per  hour.  The  lowest  efficiency,  48.95  per  cent, 
prevailed  during  test  2034  in  which  the  rate  of  combustion  was  156.8 
pounds  of  dry  coal  per  square  foot  of  grate  per  hour.  The  relation 
between  efficiency  and  rate  of  combustion  is  shown  in  Fig.  34. 
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E.     Engine  Performance  and  General  Performance. 

The  more  important  data  and  results  pertaining  to  the  perform- 
ance of  the  engines  and  to  the  general  performance  of  the  locomotive 
during  Series  1  are  assembled  in  Table  10.  The  remaining  data  and 
results  appear  in  Appendix  4.  In  the  table  all  tests  run  at  like  speed 
are  grouped  and,  within  these  groups,  the  tests  are  arranged  in  the 
order  of  the  values  of  cut-off.  The  tests  of  Series  1  were  made  at 
speeds  varying  from  10  to  35  miles  per  hour,  and  at  cut-offs  of  16,  20, 
24,  32,  40,  and  48  per  cent.  Only  one  test  however  was  made  at  20  per 
cent  cut-off  and  one  at  48  per  cent  cut-off,  and  these  are  omitted  from 
the  figures  here  included. 

29.  Dry  Steam  per  Indicated  Horse  Power  Hour. — In  Fig.  35  is 
shown  the  relation  between  steam  consumption  and  speed  for  each  of 
the  four  cut-offs.  The  curves  here  drawn  show  the  minimum  steam 
consumption  to  have  occurred  in  each  case  at  a  speed  of  from  20  to  25 
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miles  per  hour.  The  best  performance  was  obtained  during  the  tests 
made  at  32  per  cent  cut-off.  The  minimum  steam  consumption  was 
27.51  pounds  of  dry  steam  per  indicated  horse  power  per  hour,  and  the 
maximum  35.18  pounds.  The  difference  between  these  quantities,  7.67 
pounds,  represents  a  comparatively  small  variation  in  water  rate,  con- 
sidering the  variety  and  range  of  the  test  conditions.  Fig.  35  is  com- 
parable with  Fig.  17,  and  a  comparison  of  these  figures  shows  the 
steam  consumption  during  Series  1  to  have  been  considerably  greater 
than  in  Series  2,  at  all  cut-offs. 

30.  Indicated  Horse  Power. — The  relation  of  indicated  horse 
power  to  speed  is  shown  in  Fig.  36,  in  which  each  of  the  curves  repre- 
sents all  the  tests  made  at  a  particular  cut-off.  This  figure  shows  also 
the  range  of  the  test  conditions  for  Series  1.  The  maximum  load,  1278 
indicated  horse  power,  was  developed  during  test  2037  when  the  speed 
was  30  miles  per  hour  and  the  cut-off  40  per  cent.  The  minimum  aver- 
age load,  428  indicated  horse  power,  occurred  in  test  2017  at  a  speed 
of  15  miles  per  hour  and  16  per  cent  cut-off.  The  work  performed  at 
the  locomotive  drawbar  varied  from  346  to  1071  horse  power. 
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Fig.  36.     The  Relation  Between  Indicated  Hokse  Power  and  Speed, 
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31.  Machine  Friction. — Machine  friction  horse  power  during  Ser- 
ies 1  and  its  relation  to  speed  are  shown  in  Fig.  37.  This  figure  indi- 
cates also  the  influence  of  cut-off  on  machine  friction,  and  is  compar- 
able with  Fig.  27  which  presents  the  same  relations  for  Series  2. 

An  analysis  of  machine  friction  similar  to  that  developed  in  sec- 
tion VI  for  Series  2  has  been  made  for  Series  1,  although  the  figures 
are  not  here  included.  This  analysis  shows  that  during  Series  1  the 
machine  friction  was  somewhat  greater  than  during  Series  2 — a  result 
which  was  expected,  in  view  of  the  work  done  upon  the  machinery 
between  these  two  groups  of  tests.  This  analysis  indicates  also  that  for 
constant  cut-off  the  machine  friction  increased  more  rapidly  with  in- 
creasing load  during  Series  1  than  during  Series  2.  With  these  two 
exceptions,  the  relations  shown  in  the  discussion  of  machine  friction 
for  Series  2,  and  the  conclusions  there  drawn,  remain  substantially 
the  same  for  Series  1. 

32.  Coal  Consumption  per  Indicated  Horse  Power. — The  dry  coal 
consumed  per  indicated  horse  power  per  hour,  and  the  relation  of  this 
coal  consumption  to  speed  are  shown  in  the  curves  of  Fig.  38.  The 
curves  show  this  coal  rate  to  vary  in  general  between  4  and  6  pounds 
per  hour  for  the  range  of  conditions  which  prevailed  in  Series  1. 
Again  excluding  test  2024,  the  lowest  coal  rate,  4.18  pounds  per  hour, 
was  obtained  during  test  2019  at  15  miles  per  hour  and  32  per  cent 
cut-off.  The  highest  coal  rate,  6.07  pounds  per  hour,  was  obtained 
during  test  2034,  at  35  miles  per  hour  and  40  per  cent  cut-off.  Test 
2034  is  the  one  during  which  the  lowest  boiler  efficiency  prevailed. 

33.  General  Efficiency. — The  general  efficiency  of  the  locomotive 
and  the  relation  of  this  efficiency  to  speed  are  shown  in  Fig.  39,  which 
is  comparable  with  Fig.  31  of  Series  2.  The  greatest  efficiency  was 
4.38  per  cent,  and  the  lowest  2.63  per  cent.  This  is  practically  the 
same  range  in  efficiency  as  is  represented  in  Fig.  31. 

VIII.     Comparison  of  the  Results  of  Series  1  and  2. 

A  few  of  the  differences  in  the  performance  of  the  locomotive  dur- 
ing the  tests  of  Series  1  and  Series  2  have  already  been  referred  to 
incidentally  in  the  preceding  discussion.  It  is  the  purpose  to  discuss 
in  this  section  the  effects  on  the  general  performance  of  the  boiler  and 
engines  caused  by  the  repairs  and  changes  which  were  made  between 
these  two  groups  of  tests.  While  these  changes  are  elsewhere  enumer- 
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Fig.  39.     The  Eelation   Between   General  Efficiency   and   Speed, 

at  Various  Cut-offs. 

ated,  it  will  be  convenient  to  have  restated  at  this  point  those  which 
might  have  affected  the  general  performance.    They  were: 

1.  The  nozzle  tip,  5*4  in.  in  diameter,  used  during  Series  1  was 
replaced  by  a  5yg-in.  tip. 

2.  A  small  leak  in  one  of  the  branch-pipe  joints  was  stopped. 

3.  The  cylinders  and  valve  chambers  were  re-bored. 

4.  New  pistons  and  new  piston  rings  were  applied. 

5.  New  valve  bull-rings  and  valve  packing  rings  were  applied. 

6.  Lost  motion  in  the  eccentric  straps  was  taken  up. 

7.  The  valves  were  reset. 

8.  The  piston  rods  were  trued  and  the  rod  packing  renewed  on  both 
sides. 

9.  The  side-rod  bushings  were  renewed. 

10.     Three  new  driving-wheel  tires  were  applied. 


34.  Comparison  of  the  Boiler  Performance. — Perhaps  the  best 
basis  for  a  comparison  of  the  boiler  performance  during  the  two  series 
is  to  be  found  in  the  curves  of  Fig.  8  and  32,  which  present  the  aver- 
age values  of  the  equivalent  evaporation  per  pound  of  dry  coal  per 
hour  for  Series  2  and  Series  1  respectively.  These  two  curves,  when 
plotted  on  the  same  diagram,  almost  coincide.  The  curve  for  Series  1 
lies  below  that  for  Series  2  by  an  amount  which  at  no  rate  of  combus- 
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tion  exceeds  one-fifth  of  a  pound  of  equivalent  evaporation  per  pound 
of  coal.  At  no  point  throughout  the  range  of  the  rate  of  combustion  is 
the  performance  of  the  boiler  in  Series  2  better  than  in  Series  1  by 
more  than  3  per  cent.  A  comparison  of  boiler  efficiency  based  on  Fig. 
10  and  34  shows  an  even  closer  agreement  in  the  boiler  performance  of 
the  two  series.  Of  the  various  changes  cited  above  only  item  1,  the 
change  in  nozzle  tip,  could  have  affected  boiler  performance,  and  the 
facts  just  stated  seem  to  warrant  the  conclusion  that  this  had  no  sub- 
stantial effect  upon  the  general  performance  of  the  boiler  and  furnace. 
35.  Comparison  of  tlie  Cylinder  Performance. — Any  of  the  first 
seven  items  in  the  list  of  changes  given  might  conceivably  have 
affected  the  cylinder  performance.  The  steam  leak  referred  to  in  item 
2,  however,  was  proved  at  the  time  to  have  been  inconsiderable  in 
amount.  The  combined  effect  of  these  seven  items  should  be  disclosed 
by  a  comparison  of  the  steam  consumption  per  indicated  horse  power 
hour  for  all  tests  of  both  series  which  are  comparable  as  regards  speed 
and  cut-off.  The  values  of  steam  consumption  for  such  tests  are 
brought  together  in  the  following  table.  In  four  instances  in  this  table 
a  pair  of  tests  from  Series  2  is  compared  with  a  single  test  from  Series 
1,  and  in  these  cases  the  water  rate  presented  for  Series  2  is  the  aver- 
age rate  for  the  pair. 

Table  11. 
Steam  Consumption  for  Comparable  Tests  of  Series  1  and  2. 


Speed, 
m.  p.  h. 

Cut-off, 
per  cent 

Test  Numbers 

Steam  Consumption, 

lb.  per  i.  h.  p. 

hour 

Difference 

in  Steam 

Consumption, 

Percentage 

Series  1 

Series  2 

Series   1 

Series  2 

of  Consump- 
tion for 
Series  2. 

10 

1 » 

24 
32 

2024 
2028 

2081 
2086 
2075 
2097 

2080 
2087 
2077 
2073 
2072 
2084 

34.74 
30.57 

31.35 

28.40 

10.8 
7.6 

20 

» > 
» » 
1 1 

16 
24 
32 
40 
48 

2026 
2027 
2029 
2035 
2033 

31.67 
27.84 
27.51 
29.43 
27.83 

30.76 
27.36 
27.20 
27.19 
28.69 

2.9 
1.8 
1.1 
8.2 
-3.0 

30 

» » 

•  > 

24 

32 
40 

2030 

2032 
2037 

2078 

2074 
2092 
2082 

28.99 

27.84 
29.56 

28.09 

27.25 
27.88 

Average   . 

3.2 

2.2 
6.0 

4.1 
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Except  for  the  two  tests  run  at  20  miles  per  hour  and  48  per  cent 
cut-off,  all  the  tests  of  Series  2  show  a  lower  steam  consumption  than 
the  corresponding  tests  of  Series  1.  The  differences  in  steam  consump- 
tion are  shown  in  the  last  column  of  the  table,  where  they  are  ex- 
pressed in  percentages  of  the  water  rate  for  Series  2.  With  the  one 
exception  cited,  the  improvement  in  water  rate  ranged  from  1.1  to 
10.8  per  cent  and  the  average  improvement  for  all  tests  amounted  to 
4.1  per  cent.  Neither  this  average  nor  the  range  is  very  great,  and 
these  facts  emphasize  the  statement  previously  made  that  all  the  re- 
pairs and  changes  were  such  as  would  have  been  regarded  as  unneces- 
sary under  ordinary  conditions,  and  that  they  were  resorted  to  only 
that  nothing  which  would  probably  improve  performance  should  be 
left  undone. 

In  the  data  for  tests  2090  and  2091  means  are  at  hand  for  roughly 
differentiating  the  effect  of  the  changes  in  nozzle  tip  from  the  effect  of 
the  other  changes.  It  will  be  recalled  that  during  these  two  tests  the 
conditions  were  identical  with  those  prevailing  during  the  tests  of  Ser- 
ies 2,  except  that  the  5%-in.  nozzle  tip  used  in  Series  2  was  replaced 
by  the  S^-in.  tip  which  had  been  used  in  Series  1.  A  comparison  of 
the  water  rates  for  these  two  tests  with  the  water  rates  for  the  com- 
parable tests  of  Series  2  is  exhibited  below. 


Table  12. 
Comparison  of  Water  Kate  with  5%-in.  Nozzle  Tip  and  5V4-ln. 

Nozzle  Tip. 


Speed, 
m.  p.  h. 

Cut-off, 
per  cent 

Test    Numbers 

Steam   Consumption, 

lb.   per  i.  h.  p. 

hour 

Difference 

in   Steam 

Consumption, 

Tests  with 

5 14 -in. 

Tip 

Tests  with 
5%-in. 

Tip, 
Series   2 

2077 

2074 
2092 

Tests  with 

5  Vi  -in. 

Tip 

Tests  with 
57/8  -in. 

Tip, 
Series  2 

27.36 
27.25 

Percentage 
of  Consump- 
tion for 
Series   2 

20 
30 

24 
32 

2090 
2091 

28.99 
29.10 

6.0 
6.8 

It  is  apparent  that  in  both  tests  2090  and  2091,  with  the  smaller 
nozzle  tip,  the  water  rate  was  higher  than  in  the  corresponding  tests 
of  Series  2  in  which  the  larger  tip  was  used.  The  average  difference 
based  on  the  tests  of  Series  2  is  6.4  per  cent.  In  view  of  the  range  in 
the  differences  in  water  rate  for  all  tests  of  the  two  series,  which  is 
exhibited  in  the  first  table  in  this  section,  it  is  doubtless  unsafe  to  draw 
too  sweeping  a  conclusion  from  a  showing  which  rests  on  a  comparison 
of  two  pairs  of  tests  only.     Since,  however,  the  average  difference  in 
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steam  consumption  for  all  tests  of  both  series  was  only  -4.1  per  cent, 
and  since  such  information  as  is  available  concerning  the  effect  of  the 
change  in  nozzle  tip  shows  that  it  made  an  average  change  in  steam 
consumption  of  6.4  per  cent;  the  inference  is  perhaps  warranted,  that 
practically  all  the  improvement  effected  by  the  changes  and  repairs 
was  accomplished  by  the  increase  in  the  size  of  the  exhaust  nozzle  tip, 
through  its  influence  on  back  pressure. 
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PART   II. 

APPENDIX  I. 

The  Locomotive. 

Illinois  Central  Railroad  locomotive  958  is  of  the  consolidation 
type.  It  was  built  by  the  Baldwin  Locomotive  Works  in  December, 
1909,  and  in  the  classification  of  the  Associated  Lines  is  designated  as 
C  —  63  —  ff  —  39.2.  The  locomotive  uses  saturated  steam  in  simple 
cylinders  twenty-two  inches  in  diameter  by  thirty  inches  stroke,  weighs 
223  000  pounds,  and  has  a  rated  tractive  effort  of  39  180  pounds.  This 
tractive  effort  assumes  a  driving  wheel  diameter  of  63  inches.  The 
drivers  however  had  been  turned  to  61  inches  for  which  the  rated  trac- 
tive effort  would  be  40  470  pounds.  The  general  design  of  the  loco- 
motive is  shown  in  Fig.  40  and  42,  and  its  appearance  in  service  is 
shown  in  Fig.  1.  The  period  of  its  service  and  its  mileage  have  been 
stated  in  section  II. 

Repairs  and  Changes. — The  repairs  and  changes  which  have  been 
referred  to  in  Part  I  were  as  follows. 

After  test  No.  2037.  The  valves  were  reset ;  the  valve  and  cylinder 
packing-rings  were  renewed ;  lost  motion  in  the  eccentric  straps  was 
taken  up ;  the  piston-rod  packing  was  renewed ;  cylinder  cocks  were  re- 
paired or  renewed;  side-rod  bushings  were  renewed;  a  new  injector 
was  applied ;  the  boiler  seams  were  caulked ;  three  new  tires  were  ap- 
plied ;  and  certain  minor  adjustments  were  made  in  order  to  take  up 
lost  motion. 

After  test  No.  2045.  The  cylinders  and  the  valve  chambers  were 
rebored ;  the  pistons  and  piston  packing-rings  were  renewed ;  the  valve 
bull-rings  and  packing-rings  were  renewed;  the  piston  rods  were 
trued ;  a  small  leak  in  one  of  the  branch  pipe  joints  was  stopped ;  and 
the  5!,4-in.  nozzle  tip  previously  in  use  was  replaced  by  a  5%-in.  tip. 
The  Sy^-in.  tip  was  again  used  during  tests  2090  and  2091. 

The  Boiler. — The  boiler,  which  carried  a  working  pressure  of  200 
pounds,  was  of  the  crown-bar  type,  with  straight  top  and  wide  firebox. 
Its  general  design  appears  in  Fig.  41,  43,  and  44.  The  principal 
dimensions  of  the  boiler  are  given  in  the  following  list. 
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Outside  diameter  of  first  ring  (.205)* 80  inches 

Thickness  of  sheets: 

Cylindrical  courses % 

Wrapper  sheet % 

Flue  sheets % 

Firebox  sheets % 

Number  of  tubes  (211) 413 

Outside  diameter  of  tubes  (212) 2  inches 

Thickness  of  tubes  (213) 0.133 

Length  between  tube  sheets  (214) 195.2 

Length  of  firebox,  inside  (234) 108.25 

Width  of  firebox,  inside  (235) 66.13 

Volume  of  firebox  (238) 244  cu.  ft. 

Heating  surface  of  the  tubes,  fire  side  (272) 3094  sq.  ft. 

Heating  surface  of  front  tube  sheet  (277) 21 

Heating  surface  of  the  firebox,  fire  side  (273) 168 

Total  heating  surface,  fire  side  (275) 3283 

Water  space  in  the  boiler  (282) 429  cu.  ft. 

Steam  space  in  the  boiler  (283)   107    "    " 

Grates,  of  the  interlocking  finger  type,  area  (252 ) 49.55  sq.  ft. 

TJie  Cylinders  and  Valves. — The  cylinders  and  valve  chambers 
were  of  cast-iron  with  cast  iron  bushings.  The  pistons  were  of  the  box 
type,  cast  in  one  piece.  The  steam  distribution  was  controlled  by 
piston  valves  with  inside  admission.  The  nominal  piston  travel  was  6 
inches,  and  the  actual  travel  5-55/64  inches  on  the  right  side,  and 
5-27/32  on  the  left  side.  The  valves  were  set  with  1/32  inch  lead  in 
full  gear  and  were  actuated  by  an  indirect  shifting  link  motion. 

The  principal  cylinder  and  valve  dimensions  during  the  various 
tests  included  in  this  report  were  as  follows : 

During  Tests  During  Tests 
2009-2045  2072-2098 

Cylinder  Diameter 

Right  side  (68) 22.071  inches  22.107  inches 

Left  side  (69) 22.282       "  22.314 

Valve  Chamber  Diameter 

Right  side 12.031       "  12.102 

Leftside  12.020       »  12.078 

*Code  item  number. 


LABORATORY  TESTS  OF  A  CONSOLIDATION  LOCOMOTIVE 


61 


? 


I— r^-MH'" 

1    JOS.  — -H  y^ 


.,K" 


tE 


62 


ILLINOIS   ENGINEERING   EXPERIMENT   STATION 


„.  r5"   BETWEEN  TIRES  I 

-4-5*  -J 


Fig.  42.    Front  Elevation  of  the  Locomotive. 
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Fig.  43.    Cross  Section  Through  the  Front-end  and  Cylinders. 
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Fig.  44.    Cross  Sections  Through  the  Firebox 
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During  Tests  During  Tests 

2009-2045  2072-2098 
Piston  Stroke 

Right  side  (77)* 29.92     inches  29.94      inches 

Left  side  (78) 29.94         "  29.94 

Piston  Rod  Diameter 

Right  side  (135) 3.917       "  3.907       " 

Left  side  (136) 3.928       "  3.907       " 

Cylinder  Volume  (both  sides) 13.199  cu.  ft.  13.199  cu.  ft. 

During  Tests  During  Tests 

2009-2037  2038-2098 
Clearance  Volume 

Ride  side,  head  end  (86) 9.89  per  cent  11.42  per  cent 

Right  side,  crank  end  (87)....       9.74         "  11.01 

Left  side,  head  end  (88) 9.73         "  10.60 

Left  side,  crank  end  (89) 10.06         "  11.01 


5  f 


General  Dimensions. — The  principal  general  dimensions  not  al- 
ready cited  are  shown  in  the  following  list. 

Total  weight  in  working  order  (63) 223  000    lb 

Weight  on  drivers  (64) 200  900 

Weight  on  leading  truck  (48) 22  100 

Weight  of  tender,  loaded 135  000 

Weight  of  locomotive  and  tender,  in  working  order ....  358  000 

Driving  wheel  base  (39)   17  ft.  -  0  in. 

Total  wheel  base  (41)   25  ft.  -  8  in. 

Driving  wheel  diameter,  over  tires  (nominal)   (2) 63  in. 

Truck  wheel  diameter  (27) 33y2  in. 

Driving  journal,  main 10  in.  x  12  in. 

Driving  journals,  other 9  in.  x  12  in. 

Truck  journals 6  in.  x  10  in. 

The  actual  average  driving  wheel  diameter  was  61.01  inches  during 
tests  2009-2037,  and  61.03  inches  during  tests  2038-2098.  The  corre- 
sponding actual  average  circumferences  (code  No.  19)  were  15.972  and 
15.978  feet  respectively.  The  principal  ratios  are  given  below.  Where 
two  values  of  the  ratio  appear,  the  first  is  based  on  nominal  dimen- 
sions, the  second  on  actual  dimensions. 

*Code  item  number. 


^6  ILLINOIS   ENGINEERING   EXPERIMENT   STATION 

Weight  on  drivers  200  900 

Tractive  effort 

Weight  on  drivers 


Tractive  effort 

992  HOD 

5.69 


Total  weight 


39  180 

200  900 

40  470 

223  000 

39180 

223  000 

5.12 


=  4.96 


Tractive  effort 

Total  weight  223  000 

Tractive  effort  40  470 

Tractive  effort  X  diameter  of  drivers  39  180X63       _ 

Total  heating  surface  3283 

Tractive  effort  X  diameter  of  drivers  40  470X61 


Total  heating  surface  3283 

Firebox  heating  surface  168 


=  751.8 


Total  heating  surface  3283 

Weight  on  drivers  200  900 

Total  heating  surface  3283 

Total  weight 223  000 

Total  heating  surface  3283 

Heating  surface  3283 


.0513 


=  61.19 


=  67.92 


Grate  area  49.55 

Tube  surface  3094 


Firebox  heating  surface  168 

Total  heating  surface  3283 

Cylinder  volume  13.199 


66.26 

=  18.41 


=  248.8 


Horse  Power  Constants. — The  constants  used  m  computing  the 
test  results  are  as  follows: 

For  dynamometer  horse  power  (power  developed  when  the  speed 
is  one  revolution  per  minute  and  the  pull  is  one  pound)  the  constants 
are 

For  tests  2009  to  2037  (318)* 0004840 

For  tests  2038  to  2098  (318) 0004842 

*Code  item  number. 
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For  indicated  horse  power  (power  developed  at  one  revolution  per 
minute  and  one  pound  mean  effective  pressure)  the  constants  are 

Tests  2009-2045  2072-2098 

For  right  cylinder,  head  end  (319)* .02893  .02902 

For  right  cylinder,  crank  end  (320) 02802  .02811 

For  left  cylinder,  head  end  (321) 02948  .02957 

For  left  cylinder,  crank  end  (322) 02857  .02866 

*Code  item  number. 
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APPENDIX  2. 

The  Laboratory. 

The  general  purpose  underlying  the  design  of  this  and  of  all  other 
locomotive  laboratories  is  to  provide  means  whereby  the  locomotive  ma- 
chinery may  be  run  and  the  locomotive  worked  throughout  its  range 
of  capacity,  while  the  locomotive  as  a  whole  remains  stationary ;  thus 
permitting  all  test  measurements  to  be  made  with  the  degree  of  accur- 
acy possible  in  a  stationary  power  plant  test. 

The  laboratory  equipment  consists  of,  first,  a  means  for  so  support- 
ing the  locomotive  that  its  driving  wheels  may  be  rotated  and  that  the 
power  developed  may  be  absorbed  and  dissipated ;  second,  a  means  for 
anchoring  the  locomotive  when  so  mounted  and  for  measuring  the  trac- 
tive effort  developed ;  third,  means  for  supplying  and  measuring  coal 
and  water ;  and  finally,  means  for  disposing  of  the  waste  gases  and  ex- 
haust steam. 

The  Building. — The  building  in  which  the  plant  is  housed  is  shown 
in  Fig.  45.  It  is  40  feet  wide  and  115  feet  long,  with  a  height 
of  22  feet  under  the  roof  trusses.  At  the  rear  end  of  the  building  is 
a  coal  room,  above  which  are  a  platform  for  the  exhaust  fan  and  a 
wash-room.  A  basement  extends  under  all  of  the  main  floor,  except 
under  the  space  occupied  by  the  coal  room.  The  walls  are  laid  up  both 
inside  and  out  with  faced  brick,  the  floors  are  of  reinforced  concrete, 
and  the  roof  is  of  the  same  material  covered  with  slate.  With  the  ex- 
ception of  the  coal  room  all  portions  of  the  building  are  served  by  a 
ten-ton  traveling  crane. 

Supporting  Wheels  and  Axles. — The  supporting  mechanism  con- 
sists primarily  of  pairs  of  wheels,  whose  location  may  be  adjusted  to 
suit  the  wheel  base  of  any  locomotive.  Fig.  51  shows  the  general  de- 
sign of  wheels,  axles,  bearings,  and  bed-plates.  The  supporting  ele- 
ment for  each  pair  of  locomotive  drivers  consists  of  an  axle,  two 
wheels,  and  two  bearings.  The  supporting  wheels  are  52  inches  in 
diameter,  have  plain  5-inch  tires,  and  are  pressed  on  ll^-inch  axles. 
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Fig.  48.     An  Exterior  View  of  the  Brakes. 


Fig.  49.     The  Weighing  Head  and  Pedestal  of  the  Dynamometer. 
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The  axles  and  tires  are  of  the  highest  grade  of  heat-treated  carbon 
steel  and  were  donated  by  the  Midvale  Steel  Company.  Provision  has 
been  made  for  replacing  the  52-inch  wheels  by  72-inch  wheels  for  test- 
ing high  speed  locomotives,  where  the  use  of  the  smaller  wheels  would 
involve  rotating  speeds  as  high  as  530  revolutions  per  minute. 

Bearings. — The  bearings  for  the  supporting-wheel  axles  are  self- 
aligning,  their  shells  being  carried  in  spherical  sockets  which  form  the 
upper  part  of  the  pedestal.  The  journals  are  9%  inches  by  20  inches, 
and  the  axles  bear  on  the  underside  only.  Oil  for  lubrication  enters 
the  bearing  cap  at  two  points  and  is  supplied  under  head  from  an 
elevated  tank.  The  pedestal  is  made  in  two  parts,  so  that  by  removing 
the  lower  section,  its  height  may  be  adjusted  to  provide  for  the  72-inch 
supporting  wheels.  This  arrangement  will  continue  to  bring  the  top 
edge  of  the  larger  supporting  wheels  level  with  the  outside  track.  The 
base  of  the  pedestal  is  secured  to  a  massive  cast-iron  bed-plate  by 
T-bolts  held  in  slots  running  the  entire  length  of  the  bed.  Each  bed- 
plate consists  of  three  sections  placed  end  to  end,  18  inches  in  height 
and  36  inches  wide  over  all.  The  length  of  the  present  bed-plate  is 
42  feet,  which  provides  for  a  maximum  driving-wheel  base  of  36  feet, 
and  the  foundation  is  built  to  receive  two  more  14-foot  sections  of  bed- 
plate. The  supporting  machinery  rests  on  a  concrete  foundation  12 
feet  wide  and  93  feet  long,  which  varies  in  thickness  from  3*/>  feet  at 
the  front  to  5  feet  at  the  rear  end.  The  rear  end  is  surmounted  by  a 
pyramidal  base  of  reinforced  concrete,  to  which  the  dynamometer  is 
bolted. 

Hydraulic  Brakes. — Supported  in  this  way  the  driving  wheels  arc 
free  to  turn  and  the  power  produced  at  the  driving  wheel  rim  is  ab- 
sorbed by  means  of  the  brakes  shown  in  Fig.  47,  48,  and  52.  One  of 
these  brakes  is  mounted  on  each  end  of  each  supporting-wheel  axle. 
Each  brake  consists  essentially  of  three  cast  iron  discs  (C,  Fig.  52) 
which,  bolted  to  the  cast  iron  hub  (F),  are  keyed  to  the  supporting 
axle  and  form  with  it  an  integral  revolving  element.  These  three  discs 
rotate  between  1/16-inch  copper  diaphragms  (D),  bolted  to  the  rim  of 
a  stationary  housing  (H),  and  flanged  over  the  edges  of  the  floating 
rings  (E)  and  of  the  housing,  to  which  they  are  secured  by  means  of 
the  expanding  rings  (G).  The  housing  is  prevented  from  turning  by 
means  of  the  links  (L)  attached  to  the  bed-plate.  The  rubbing  sur- 
faces of  the  discs  and  diaphragms  are  lubricated  with  a  medium  grade 
of  cylinder  oil  which  enters  the  brake  under  pressure  through  the  oil- 
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header  (N)  at  the  periphery  of  the  discs,  and  through  the  oil-duct 
(K).  The  oil  is  taken  off  at  M  as  it  oozes  out  around  the  disc  hub. 
The  diaphragms  form  also  within  the  casing  four  water  compartments 
which  have  no  communication  whatever  with  the  compartments  in 
which  the  discs  rotate.  Water  at  about  60  deg.  F.  is  forced  through 
3-inch  hose  connections  into  the  brake  at  the  lower  header  (B)  and 
leaves  through  the  upper  header  (A).  The  amount  of  water  passing 
through  any  individual  brake  and  the  water  pressure  within  the  brake 
may  be  regulated  at  will  by  means  of  suitable  valves  in  the  piping. 
The  brake  load  is  controlled  by  thus  modifying  the  water  pressure. 
This  is  accomplished  simultaneously  for  all  of  the  brakes  by  means  of 
the  large  control-valve  in  the  brake  supply  main,  shown  in  Fig.  50. 
The  auxiliary  brake- valves  and  gages  shown  at  the  left  in  this  same 
figure  permit  the  separate  adjustment  of  load  on  each  brake.  Each 
of  these  brakes  has  the  capacity  of  absorbing  450  horse  power,  having 
been  designed  to  develop  a  resisting  torque  of  18  000  pounds-feet  at 
speeds  up  to  130  revolutions  per  minute.  This  capacity  allows  for  a 
considerable  increase  in  wheel  loads  above  that  which  could  be  im- 
posed by  the  most  heavily  loaded  driver  of  the  present  day. 

Placing  tlie  Locomotive. — Fig.  47  shows  the  mounting  machinery 
arranged  to  receive  an  eight-driver  locomotive.  The  top  of  the  sup- 
porting-wheels is  level  with  the  main  floor  of  the  building  and  one- 
fourth  inch  higher  than  the  outside  track.  Before  the  locomotive  to 
be  tested  is  placed  upon  the  plant,  its  wheel-spacing  is  determined  and 
the  supporting- wheel  centers  spaced  accordingly.  The  tender  having 
been  removed,  the  locomotive  is  backed  into  the  laboratory  and  onto 
the  temporary  track  shown  in  place  between  the  supporting-wheels. 
The  drivers  run  on  their  flanges  over  the  temporary  track,  which  leaves 
their  treads  free  to  engage  the  supporting- wheels,  so  that  when  the 
locomotive  is  properly  placed  the  supporting-wheels  carry  all  of  the 
weight  except,  of  course,  that  borne  by  leading  or  trailing  trucks.  The 
temporary  track  being  relieved,  may  be  removed.  Mounted  in  this 
way,  the  locomotive  is  held  in  place  and  prevented  from  moving  for- 
ward or  backward  by  means  of  the  dynamometer  draw-bar,  which  is 
supplemented  by  two  safety-bars  that  come  into  play  in  case  of  failure 
of  the  draw-bar.  These  three  bars  are  shown  in  Fig.  50.  Forward  and 
trailing-truck  wheels  are  carried  on  track  sections  which  are  level  with 
the  supporting  wheels. 

The  Dynamometer. — The  dynamometer,  the  chief  function  of  which 
is  to  permit  the  tractive  force  of  the  locomotive  to  be  measured,  is 
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shown  in  Fig.  47,  49,  and  50.  It  is  of  the  Emery  type  and  consists 
essentially  of  two  parts :  the  weighing  head,  carried  on  a  pedestal  and 
shown  in  Fig.  49,  and  the  measuring  and  recording  scale  shown  in  Fig. 
50.  The  weighing  head  may  be  raised  or  lowered  to  suit  the  height 
of  the  drawbar  of  any  locomotive.  Within  the  weighing  head  is  an 
enclosed  oil-chamber  with  a  flexible  wall  or  diaphragm,  which  receives 
and  balances  any  force  transmitted  through  the  drawbar  of  the  loco- 
motive. The  pressure  within  this  oil-chamber  varies  with  the  load, 
and  is  transmitted  through  a  copper  tube  of  small  bore  to  a  smaller 
oil-chamber  known  as  the  reducing  chamber,  located  in  the  case  with 
the  measuring  apparatus.  The  pressure  thus  produced  in  the  reduc- 
ing chamber  moves  the  beam  of  a  substantial  but  sensitive  scale  which 
measures  the  tractive  force  of  the  locomotive. 

In  order  to  prevent  undue  shocks  from  taking  place  within  the 
weighing  head  of  the  dynamometer  on  account  of  variations  in  the 
force  in  the  drawbar,  an  initial  load  of  50  000  pounds  is  imposed  upon 
the  oil  behind  the  diaphragm  by  means  of  the  capstan  and  springs 
located  at  the  rear  of  the  weighing  head  and  shown  at  the  left  in  Fig. 
49.  The  weighing  head  of  the  dynamometer  is  so  designed  that  by  an 
adjustment  of  the  capstan  the  tractive  effort  may  be  measured  whether 
the  locomotive  drivers  are  turning  forward  or  backward.  For  the 
sake  of  accuracy  in  determining  the  drawbar  pull  it  is  essential  that 
the  locomotive  drivers  be  placed  and  maintained  with  their  centers  pre- 
cisely above  the  centers  of  the  supporting- wheels.  To  satisfy  this  re- 
quirement the  longitudinal  travel  of  the  dynamometer  drawbar  from 
no  load  to  full  load  must  be  reduced  to  a  minimum.  In  this  instrument 
the  range  of  movement  is  only  three  one-thousandths  of  an  inch.  The 
scale  beam  reads  directly  to  20  000  pounds  in  100-pound  divisions,  and 
a  vernier  gives  readings  to  ten  pounds.  For  drawbar  pulls  of  more 
than  20  000  pounds,  Aveights  may  be  added  as  required.  The  dyna- 
mometer will  measure  drawbar  pulls  as  high  as  125  000  pounds. 

A  feature  of  interest  in  the  design  of  the  scale  lies  in  the  fact  that 
the  adjustment  of  the  poise  weight  on  the  scale  beam  may  be  made 
automatically.  This  is  accomplished  by  means  of  a  small  motor  which 
is  mounted  on  the  scale  beam  and  geared  to  a  screw  which  passes 
through  the  poise  weight.  Attached  to  the  scale  beam  is  a  contact 
arm,  and  any  movement  of  the  beam  in  either  direction  causes  a  series 
of  mercury-cup  contacts ;  the  number  of  contacts  depending  on  the 
amount  of  deflection  of  the  beam,  which  in  turn  is  caused  by  a  change 
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in  the  load.  When  contact  is  made,  an  electrical  circuit  is  closed  and 
the  motor  runs  in  the  direction  required  to  bring  the  poise  weight  to 
a  position  of  equilibrium.  As  soon  as  the  load  is  balanced,  the  circuit 
is  broken  and  the  motor  stops.  This  operation  is  repeated  as  often  as 
the  load  changes,  and  is  practically  continuous.  The  action  of  the 
poise  weight  may  also  be  controlled  by  a  hand  switch. 

Water  and  Coal  Supply. — The  general  water  supply  of  the  Univer- 
sity is  from  driven  wells,  the  demand  upon  which  at  times  approaches 
their  full  capacity.  In  order  therefore  that  the  water  which  passes 
through  the  brakes  shall  not  be  wasted,  provision  has  been  made  for 
collecting,  cooling,  and  recirculating  it.  For  this  purpose  a  100  000- 
gallon  concrete  storage  reservoir  (see  Fig.  45)  has  been  built  in  the 
ground  outside  of  the  building.  A  supply  pump  for  the  brakes  draws 
water  from  this  reservoir  through  a  6-inch  main  and  pumps  it  through 
the  main  control  valve  to  a  header,  whence  it  is  distributed  through 
auxiliary  supply  control  valves  to  the  several  brakes;  after  which  it 
flows  back  through  another  set  of  auxiliary  back-pressure  control 
valves  to  i  sump  located  in  the  basement  of  the  laboratory.  (See  Fig. 
53 ) .  The  water  is  drawn  from  the  sump  by  another  pump  and  forced 
through  five  2-inch  whirling-spray  nozzles  above  the  surface  of  the 
water  in  the  reservoir.  Water  direct  from  the  University  mains  may 
also  be  used  in  the  brakes  when  desirable. 

Water  for  the  locomotive  boiler  may  be  drawn  from  the  reservoir 
or  direct  from  the  University  mains,  and  forced  by  a  separate  pump 
to  two  elevated  tanks  which  are  shown  in  Fig.  47  and  54.  Each  of 
these  tanks  has  a  capacity  of  2000  pounds  and  rests  permanently  on 
a  platform  scale.  At  a  supply  pressure  of  45  pounds,  each  tank  can 
be  filled,  weighed,  ana  emptied  in  two  and  one-half  minutes.  From 
the  weighing  tanks,  the  water  falls  into  the  18  000-pound  capacity 
feed  tank  below,  and  thence  passes  through  two  4-inch  supply  pipes  to 
the  locomotive  injectors.  Water  for  the  hydraulic  elevator  used  in 
raising  coal  from  the  main  floor  to  the  firing  platform  may  be  taken 
from  the  University  mam  or  from  the  storage  tank.  In  either  case 
the  pressure  is  maintained  at  60  pounds  by  a  throttle-control  valve  on 
the  supply  pump.  By  these  provisions  in  the  piping,  reservoir  water 
alone  may  be  used  for  feed- water,  brakes,  and  elevator. 

The  coal-room  shown  in  Fig.  53  occupies  the  rear  end  of  the  build- 
ing. It  is  22  feet  wide  and  40  feet  long,  and  has  a  storage  capacity 
of  300  tons.  Coal  for  the  tests  is  loaded  into  1000-pound  capacity  wag- 
ons, run  out  onto  the  scales,  raised  by  the  elevator  to  the  firing  plat- 
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Fig.  54.    A  Cross  Section  Through  the  Middle  of  the  Laboratory. 


form,  and  there  dumped.  The  firing  platform  is  adjustable  in  height 
so  as  to  suit  the  deck  of  any  locomotive  cab.  The  elevator  has  a  ca- 
pacity of  2000  pounds.  It  is  also  used  to  raise  ashes  from  the  level  of 
the  basement. 

The  Exhaust  System. — Recognizing  the  value  of  accurate  deter- 
mininations  of  the  total  amount  of  cinders  lost  through  the  stack  of 
the  locomotive,  it  was  early  decided  that  if  possible  some  means  should 
be  incorporated  in  this  plant  to  collect  all  of  the  solid  matter  which 
passes  through  the  locomotive  front  end.  Preliminary  designs  of  a 
cinder  catcher  which  should  have  sufficient  capacity  to  pass  the  total 
volume  of  waste  gas,  exhaust  steam,  and  entrained  air,  and  at  the  same 
time  collect  all  the  cinders  from  the  largest  modern  locomotive  work- 
ing at  high  power,  made  it  clear  that  such  a  collector  would  be  too 
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Fig.  55.    Cross  Section  Through  Cinder  Collector  and  Stack. 


84  ILLINOIS   ENGINEERING   EXPERIMENT   STATION 

large  to  be  located  conveniently  within  the  building.  Another  point 
considered  in  the  design  of  the  exhaust  system  was  the  necessity  of  a 
stack  of  sufficient  height  to  insure  that  the  exhaust  gases  would  be 
discharged  far  enough  above  ground  to  prove  inoffensive  to  occupants 
of  neighboring  residences  and  University  buildings.  For  this  purpose 
it  was  decided  that  a  stack  8  feet  in  diameter  and  80  feet  high  would 
be  required.  Further  study  made  it  apparent  that  these  two  decisions 
could  be  embodied  in  one  structure  combining  the  cinder  separator 
and  the  stack.  This  has  been  accomplished  in  the  construction  repre- 
sented in  cross-section  by  Fig.  55,  and  which  is  located  outside  and  at 
the  rear  of  the  laboratory. 

The  system  will  be  most  easily  understood  by  following  the  course 
of  the  exhaust  gases  after  they  leave  the  locomotive  stack.  (Fig. 
53  and  54.)  The  gases  and  exhaust  steam  are  discharged  across  an 
open  space  above  the  locomotive  stack  into  a  steel  exhaust  elbow,  which 
carries  them  up  and  over  to  a  horizontal  duct  running  through  the  cen- 
ter of  the  roof -trusses  of  the  building.  The  gases,  exhaust  steam,  and 
solid  matter  are  drawn  through  this  elbow  and  duct  by  the  exhaust 
fan,  located  near  the  roof  at  the  rear  end  of  the  building.  They  are 
then  passed  through  a  breeching  or  flue  to  the  separator  previously  re- 
ferred to,  the  action  within  which  may  be  best  explained  by  reference 
to  Fig.  55.  The  cinder-laden  gases  enter  the  separator  at  B  and  in 
order  to  leave,  they  must  pass  downward  and  around  the  sleeve  A. 
This  operation  gives  them  a  whirling  motion,  which  causes  the  cinders 
by  centrifugal  force  to  move  toward  the  outside  wall,  along  which  they 
drop  to  the  hopper  below,  while  the  gases  pass  downward  and  out 
through  the  mouth  of  the  sleeve.  The  cinders  collecting  at  the  bottom 
of  the  hopper  are  drawn  off,  weighed,  and  analysed  between  tests.  The 
separator  is  surmounted  by  a  45-foot  radial  brick  stack,  through  which 
the  gases  and  steam  are  finally  discharged. 

On  account  of  the  corrosive  nature  of  the  mixture  of  exhaust  gases 
and  steam,  it  was  necessary  to  avoid  the  use  of  metal  throughout  the 
exhaust  system,  as  far  as  it  was  possible  to  do  so.  The  exhaust  elbow 
which  receives  the  gases  from  the  locomotive  stack  is  necessarily  made 
of  steel  and  needs  occasionally  to  be  renewed.  The  horizontal  duct, 
running  through  the  center  of  the  roof -trusses,  is  made  of  a  hard  and 
tough  asbestos  board  known  as  ' '  Transite, ' '  which  is  proof  against 
corrosion.  This  duct  is  seven  feet  in  diameter,  and  is  built  up  in  sec- 
tions so  that  its  length  may  be  varied  to  suit  the  position  of  the  locomo- 
tive stack.  The  final  adjustment  of  the  elbow  above  the  stack  of  the 
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locomotive  is  obtained  through  the  medium  of  a  telescopic  connection 
between  the  elbow  and  the  duct.  The  fan  has  a  runner  six  feet  in  diam- 
eter, and  at  a  maximum  speed  of  300  revolutions  per  minute,  will  pass 
140  000  cubic  feet  of  gas  per  minute.  The  breeching  between  the  fan 
and  separator  is  also  built  of  transite,  and  has  a  minimum  cross-sec- 
tional area  of  about  24  square  feet.  The  outer  shell  of  the  separator 
is  built  of  reinforced  concrete,  and  it  is  lined  throughout  with  a  course 
of  hard  red  brick  as  protection  from  the  corroding  action  of  the  gases. 
Between  the  lining  and  the  shell  is  a  2-inch  air  space  which  acts  as  an 
insulator  to  protect  the  shell  from  overheating.  Any  leakage  of  gas 
through  the  lining  into  the  air  space  is  vented  to  the  outside  air 
through  openings  which  are  provided  in  the  shell,  and  which  serve  also 
to  circulate  cool  air  through  the  air-space.  Both  the  inside  sleeve  and 
the  hopper  are  built  of  reinforced  concrete.  The  stack  itself  is  un- 
lined,  but  is  laid  up  with  acid-proof  cement.  Provision  was  made  in 
the  design  for  traps  in  the  bottom  of  the  horizontal  duct,  whereby  any 
solid  matter  that  should  accumulate  within  the  duct  could  be  removed 
and  weighed.  Experience  has  proved  this  to  be  unnecessary,  as  all 
portions  of  the  duct  and  breeching  have  been  self-cleaning  under  all 
test  conditions  thus  far  encountered. 
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APPENDIX  3. 

Test  Methods. 

The  test  methods  employed  were,  in  general,  those  outlined  in  the 
"Method  of  Conducting  Locomotive  and  Road  Tests"  published  in 
the  Proceedings  of  the  American  Railway  Master  Mechanics '  Associa- 
tion, volume  47,  page  538. 

Each  test  was  made  under  predetermined  conditions  of  speed  and 
cut-off.  Throughout  each  test  all  conditions  subject  to  control  were 
maintained  as  nearly  constant  as  possible.  Variations  between  different 
tests,  or  groups  of  tests,  relative  to  engine  conditions  and  fuel  used 
have  been  recorded  and  discussed. 

The  test  methods  employed  were,  with  minor  exceptions,  the  same 
throughout  all  tests.  All  instruments  were  known  to  be  correct  within 
reasonable  limits  or  were  calibrated  at  intervals  and  suitable  correc- 
tions applied  to  the  observed  data.  Observations  were,  in  general, 
taken  every  ten  minutes.  Indicator  diagrams,  particularly  on  com- 
paratively short  tests,  were  often  taken  at  five  minute  intervals.  The 
locations  of  the  more  important  instruments  and  apparatus  are  indi- 
cated in  Fig.  40  in  Appendix  1,  and  in  the  figures  of  Appendix  2. 
The  methods  of  applying  the  load  to  the  engine,  of  measuring  the 
drawbar-pull,  and  of  collecting  the  stack  cinders  are  made  clear  by 
the  description  of  the  Locomotive  Laboratory  in  Appendix  2. 

Duration  of  Tests. — The  tests  reported  in  Appendix  4  varied  in 
length  from  30  minutes  to  3  hours.  Tests  were  in  general  of  such 
duration  that  from  120  to  180  pounds  of  coal  would  be  burned  per 
square  foot  of  grate  during  the  test.  This  is  equivalent  to  a  coal  con- 
sumption of  approximately  6000  to  9000  pounds  per  test.  An  ex- 
amination of  the  data  shows  that  for  39  tests  the  coal  consumption 
was  within  this  range;  for  15  tests  it  was  less  than  6000  pounds; 
and  for  4  tests  it  was  more  than  9000  pounds  per  test. 

Starting  and  Closing  a  Test. — In  general,  fires  were  built  upon  a 
clean  grate  for  each  test.  With  sufficient  steam  pressure  the  locomo- 
tive was  started  and  gradually  brought  to  the  required  conditions  of 
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speed  and  cut-off.  The  locomotive  was  operated  for  a  short  time  under 
the  required  conditions  and  until  a  satisfactory  fire  and  satisfactory 
boiler  pressure  were  being  maintained.  On  signal,  the  ash  pan  and 
cinder  separator  were  closed,  observations  of  water  levels  and  steam 
pressure  were  made,  and  the  test  thereby  started. 

In  closing  a  test,  simultaneous  observations  were  made  upon  water 
levels,  steam  pressure,  and  condition  of  fire.  The  locomotive  was  then 
stopped  as  quickly  as  conditions  permitted.  As  soon  as  possible  after 
stopping  the  locomotive,  ashes  were  removed  from  the  ash  pan  and 
cinders  were  removed  from  the  front-end  and  from  the  cinder  sepa- 
rator. In  closing  tests,  it  was  sometimes  advisable  to  remove  some  of 
the  ash  from  the  fire  previous  to  the  close  of  the  test  in  order  to  bring 
the  fire  to  the  desired  condition,  and  it  was  also  occasionally  advisable 
to  remove  some  ash  immediately  after  the  close  of  the  test.  In  all 
cases  it  was  endeavored  to  have  the  same  amount  of  combustible  matter 
upon  the  grate  at  the  close  of  the  test  as  at  the  start.  The  removal 
of  ash  from  the  fire  in  connection  with  the  closing  of  the  test  was 
primarily  for  the  purpose  of  judging  the  amount  of  combustible  upon 
the  grate,  not  for  the  purpose  of  collecting  the  ash.  The  endeavor 
was  made  to  have  the  boiler  pressure  and  water  level  in  the  boiler 
substantially  the  same  at  the  close  as  at  the  beginning  of  the  test. 
Corrections  were  made  for  such  irregularities  as  occurred. 

Temperatures,  Pressures,  Gas  Samples,  Etc. — Temperatures  in  the 
fire-box  were  observed  by  means  of  a  radiation  pyrometer  and  tem- 
peratures in  the  front-end  by  means  of  a  thermo-couple.  Mercury 
thermometers  were  used  at  other  points  where  temperature  observa- 
tions were  made.  Boiler  pressure  observations  were  taken  from  a 
gage  located  in  the  engine  cab.  Draft  pressures  were  measured  by 
means  of  U-tubes  with  water.  Quality  of  steam  was  determined  by 
means  of  a  throttling  calorimeter  fitted  with  a  suitable  sampling  tube. 
Front-end  gas  samples  were  collected  through  a  sampling  pipe  pro- 
vided with  numerous  small  holes  along  the  pipe,  through  which  the 
gas  was  drawn.  The  time  during  which  a  single  sample  was  collected 
varied  from  20  to  60  minutes,  depending  mainly  upon  the  total  length 
of  the  test.  The  taking  of  samples  usually  covered  the  entire  test 
period.  Gas  samples  were  analysed  immediately  after  collection  by 
means  of  the  Orsat  apparatus.  Speed  was  measured  by  means  of  a 
stroke  counter  operated  through  the  indicator  reducing-motion. 

Indicator  Diagrams. — Four  indicators  were  used,  one  at  each  end 
of  each  cylinder.    During  a  majority  of  the  tests,  indicators  were  used 
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which,  through  the  operation  of  electrical  attachments,  took  the  four 
diagrams  simultaneously.  On  account  of  minor  accidents,  it  was  some- 
times necessary  to  use  indicators  where  the  pencil  applications  on 
some  or  all  of  the  indicators  were  made  by  hand.  In  all  cases,  how- 
ever, the  applications  were  practically  simultaneous. 

Coal  and  Water. — Coal  was  delivered  to  the  firing  platform  in  lots 
of  approximately  1000  pounds  each.  The  time  of  firing  the  last 
shovelful  of  each  lot  was  recorded.  Water  was  weighed  by  means  of 
two  tanks  upon  platform  scales.  Each  tank  holds  approximately  2000 
pounds  of  water.  The  weighing  tanks  emptied  into  the  feed-water 
supply-tank  which  has  a  capacity  of  18  000  pounds.  The  height  of 
water  in  the  feed- water  tank  was  maintained  at  an  approximately  con- 
stant level  throughout  a  test.  Observations  were  so  taken  that  the 
amount  of  water  furnished  to  the  boiler  could  be  calculated  for  inter- 
vals determined  by  the  emptying  of  each  weighing  tank.  Fig.  47  and 
53  in  Appendix  2  show  the  arrangement  of  the  coal  and  water  weigh- 
ing apparatus. 

Firing. — The  locomotive  was  hand  fired  during  all  tests.  The 
method  of  level  firing  was  used,  single  shovelfuls  of  coal  at  a  fairly 
constant  rate  being  distributed  uniformly  over  the  grate.  All  large 
pieces  of  coal  were  broken,  before  firing,  to  lumps  wnose  greatest  di- 
mension was  from  3  to  4  inches.  Two  experienced  firemen  were  em- 
ployed. One  of  these  men,  however,  was  held  entirely  responsible  and 
did  practically  all  of  the  firing. 

Samples  of  Coal,  Ash,  and  Cinders. — Following  the  close  of  a  test 
the  ashes  collected  in  the  ash  pan,  the  cinders  collected  in  the  front- 
end,  and  the  cinders  collected  in  the  cinder  separator  were  weighed 
and  sampled. 

A  coal  sample  weighing  from  200  to  500  lb.  was  collected  dur- 
ing each  test.  This  sample  was  collected  while  loading  the  cars  taking 
coal  to  the  firing  platform,  by  placing  about  50  lb.  in  the  sampling  can 
for  each  1000-lb.  car  loaded.  Care  was  exercised  to  make  the  sample 
representative. 

The  front-end  cinders  after  being  weighed  were  thoroughly  mixed 
and  about  two  pounds  of  cinders  set  aside  as  a  sample.  A  sample  of 
the  stack  cinders,  weighing  from  25  to  50  lb.,  was  collected  as  the 
cinders  were  being  weighed,  a  small  amount  being  taken  from  each 
barrow  load  after  passing  over  the  scales.  A  sample  of  ash,  weighing 
from  50  to  100  lb.  was  collected  as  the  ash  was  being  weighed,  repre- 
sentative portions  of  the  ash  being  selected. 
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The  large  samples  of  coal,  ash,  and  stack  cinders  were  ground  or 
crushed  as  necessary  to  reduce  them  to  a  maximum  size  of  Vi  inch, 
then  thoroughly  mixed  and  reduced  by  "quartering"  to  samples 
weighing  about  two  pounds.  The  two  pound  samples  of  coal,  ash, 
front-end  and  stack  cinders  were  submitted  to  the  Chemical  Labora- 
tory for  analysis. 

Chemical  Analysis. — The  chemical  analyses  and  heat  determina- 
tions were  made  by  the  Department  of  Chemistry  of  the  University 
of  Illinois.  The  methods  employed  were  substantially  those  which 
have  been  recommended  in  the  preliminary  reports  of  the  Joint  Com- 
mittee on  Coal  Analysis,  of  the  American  Society  for  Testing  Mate- 
rials and  the  American  Chemical  Society. 

Proximate  analyses  and  B.t.u.  determinations  were  made  for  the 
coal  sample  for  each  test.  Four  ultimate  analyses  of  coal  were  made 
—one  for  tests  2009  to  2019  inclusive,  one  for  tests  2020  to  2045,  one 
for  tests  2046  to  2071,  and  one  for  tests  2072  to  2095.  The  ultimate 
analyses  were  made  from  composite  samples.  Each  composite  sample 
was  made  by  combining  from  each  air-dried  sample  of  the  tests  to  be 
represented,  an  amount  proportional  to  the  coal  burned  during  the 
test.  The  ultimate  analyses  for  the  individual  tests  which  appear  in 
the  tabulated  results  are  based  upon  the  percentages  of  moisture,  ash, 
and  sulphur  as  determined  by  the  proximate  analysis  and  upon  the 
assumption  that  the  carbon,  hydrogen,  oxygen,  and  nitrogen  are  pro- 
portional to  the  percentages  as  determined  for  the  composite  sample 
by  ultimate  analysis. 

Each  ash  and  cinder  sample  was  subjected  to  analysis  to  determine 
carbon,  earthy  matter,  and  moisture.  B.t.u.  determinations  for  ash, 
front-end  and  stack  cinders  were  estimated  in  the  following  manner. 
B.t.u.  determinations  were  made  upon  ten  ash  samples  of  Series  1, 
upon  three  samples  of  Series  2,  and  upon  one  composite  sample  repre- 
senting all  tests  2072  to  2095  inclusive.  Upon  the  assumptions  that 
the  heat  content  of  the  ash  was  entirely  due  to  its  carbon  content,  and 
that  the  heat  content  of  the  carbon  was  uniform  in  all  of  the  ash,  an 
average  value  for  the  heat  content  of  one  pound  of  carbon  in  the  ash 
was  computed.  This  value  was  determined  as  14  672  B.t.u.  per  pound 
of  carbon  contained  in  the  ash.  Using  this  value  as  a  basis  the  heat 
content  per  pound  of  ash  was  calculated  for  each  test. 

B.t.u.  determinations  were  made  for  10  front-end  cinder  samples 
of  Series  1  and  for  one  composite  sample  representing  tests  2072  to 
2095  inclusive.    In  a  manner  similar  to  that  outlined  in  the  case  of 
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the  ash,  it  was  computed  that  the  average  value  for  the  heat  content 
of  one  pound  of  carbon  contained  in  the  front-end  cinders  was  14  336 
B.t.u.  and  with  this  value  as  a  basis  the  heat  content  per  pound  of 
front-end  cinders  was  calculated  for  each  test. 

B.t.u.  determinations  were  made  for  10  stack  cinder  samples  of 
Series  1,  for  a  composite  sample  representing  10  tests  during  which 
the  draft  ranged  from  2.2  to  4.5  inches  of  water,  for  a  composite 
sample  representing  9  tests  during  which  the  draft  ranged  from  5.3 
to  9.2  inches  of  water,  for  a  composite  sample  representing  5  tests 
during  which  the  draft  ranged  from  10  to  12.8  inches  of  water,  and 
for  3  individual  tests  during  which  the  drafts  were  respectively  2.9, 
7.0,  and  11.9  inches  of  water.  The  24  tests  represented  by  the  com- 
posite samples  were  tests  2072  to  2095  inclusive.  The  3  individual 
tests  mentioned  were  2087,  2079,  and  2089.  With  these  heat  deter- 
minations and  in  a  manner  involving  the  same  assumptions  as  were 
made  in  the  case  of  the  ash  and  front-end  cinders,  it  was  computed 
that  the  heat  content  of  one  pound  of  carbon  contained  in  the  stack 
cinders  was  equivalent  to  (14  932-44D)  B.t.u.  In  this  expression  D 
is  the  draft  in  front  of  the  diaphragm,  expressed  as  inches  of  water. 
With  the  values  determined  by  means  of  this  formula  the  heat  con- 
tent per  pound  of  stack  cinders  was  calculated  for  each  test. 
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APPENDIX  4. 

Detailed  Data  and  Results. 

The  purpose  of  this  appendix  is  to  present  in  detail  the  data  and 
results  of  all  the  tests.  It  consists  of  24  tables  and  3  figures.  Tables 
13  to  35  inclusive  contain  the  data  and  results  for  61  tests,  arranged 
in  four  groups.  Table  36  contains  information  relating  to  the  repre- 
sentative indicator  diagrams  which  are  shown  in  Fig.  56,  57,  and  58 
at  the  end  of  the  appendix. 

The  first  of  the  four  groups  of  tests  comprises  tests  2009  to  2037 
and  has  been  designated  as  Series  1.  The  third  group,  designated  as 
Series  2,  comprises  tests  2072  to  2098  (excepting  No.  2090  and  2091). 
The  results  of  Series  1  and  2  have  been  presented  and  discussed  in 
sections  VI  to  VIII  in  Part  I.  The  data  and  results  of  the  two  re- 
maining groups  appear  only  in  this  appendix,  and  are  elsewhere 
merely  referred  to  incidentally. 

Section  IV  of  Part  I  defines  these  four  groups  of  tests,  and  states 
the  difference  between  them  as  regards  the  condition  of  the  locomotive. 
The  locomotive's  condition  has  also  been  explained  in  Section  II  and 
in  Appendix  1.  The  differences  in  condition  as  regards  fuel  are  stated 
in  Section  V  of  Part  I.  The  evaporative  efficiencies  recorded  for  tests 
2024  and  2038  are  enough  higher  than  the  corresponding  results  re- 
corded for  other  tests  to  raise  some  question  as  to  the  correctness  of 
their  results.  The  conditions,  however,  under  which  they  were  made 
were  such  that  high  boiler  efficiency  was  to  be  expected.  The  data  and 
results  for  these  tests  have  been  included  in  the  tables,  and  have  been 
used  throughout  the  discussion  except  as  may  have  been  specifically 
indicated. 

The  data  and  results  are  presented  under  182  headings.  The  col- 
umn-heading numbers  are  included  between  the  numbers  344  and  900 
and  are  arranged  consecutively  in  the  tables.  Tables  throughout  the 
bulletin  carry  corresponding  column-headings  and  numbers  wherever 
the  same  data  are  presented.  In  general  the  column-headings  and 
column-heading  numbers  are  the  same  as  used  in  the  Code  for  Testing 
Locomotives  published  in  the  Proceedings  of  the  American  Railway 
Master  Mechanics'  Association,  volume  47,  page  538.  The  methods 
of  calculation,  unless  entirely  obvious,  are  given  in  detail  in  Appen- 
dix 5. 
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Table  13. 
General  Conditions 


Duration 

Speed 

1 

Position  of  Levers 

Revolutions 

Equivalent 

Reverse    ' 

Lever, 
Notches 

Test 
No. 

Laboratory 
Designation 

of 

Test, 
Hours 

Average 

Speed 
in 

Piston 

Speed 

Throttle 

Total 

per 

Miles 

in  Feet 

from 

Minute 

per 
Hour 

per 
Minute 

Center 

Jode  Itemj£2T 

345 

351 

352       1 

353 

354 

360 

363 

2009 

138-16-F 

2.50 

20   878 

139.2 

25.2 

694.6 

4 

Full 

2010 

193-20-P 

1.18 

13   969 

196.8 

35.7 

981.8 

5 

Full 

2012 

138-24-F 

1.83 

15   349 

139.5 

25.3 

696.3 

6 

FuU 

2013 

138-32-F 

1.50 

12   575 

139.7 

25.4 

697.2 

8 

Full 

2014 

193-32-F 

1.17 

13   981 

199.7 

36.3 

996.4 

8 

Full 

2015 

193-24-F 

1.50 

18   000 

200.0 

36.3 

998.0 

6 

Full 

2016 

193-16-F 

2.33 

27   998 

200.0 

36.3 

998.0 

4 

Full 

2017 

83-16-F 

3.00 

14  398 

80.0 

14.5 

399.2 

4 

Full 

2018 

83-24-F 

2.67 

12   802 

80.0 

14.5 

399.2 

6 

Full 

2019 

83-32-F 

2.17 

10  474 

80.6 

14.6 

402.0 

8 

Full 

2020 

83-24-F 

2.00 

9  656 

80.5 

14.6 

401.7 

6 

Full 

2021 

83-16-F 

2.00 

9   615 

80.1 

14.5 

399.7 

4 

Full 

2022 

83-32-F 

2.00 

9   670 

80.6 

14.6 

402.2 

8 

Full 

2023 

138-40-F 

1.50 

12   515 

139.0 

25.2 

693.6 

10 

Full 

2024 

55-24-F 

2.00 

6   080 

50.7 

9.2 

253.0 

6 

Full 

2026 

110-16-F 

2.17 

14   220 

109.4 

19.9 

545.9 

4 

Full 

2027 

110-24-F 

2.50 

16   500 

110.0 

20.0 

548.9 

6 

Full 

2028 

55-32-F 

2.33 

7   050 

50.3 

9.1 

251.0 

8 

Full 

2029 

110-32-F 

1.50 

9    880 

109.8 

19.9 

547.9 

8 

Full 

2030 

165-24-F 

1.67 

16  935 

169.4 

30.8 

845.3 

6 

Full 

2031 

83-40-F 

1.50 

7    723 

85.8 

15.6 

428.1 

10 

Full 

2032 

165-32-F 

0.67 

6   726 

168.1 

30.5 

838.8 

8 

Full 

2033 

110-48-F 

1.33 

8   793 

109.9 

20.0 

548.4 

12 

Full 

2034 

193-40-F 

1.00 

11   910 

198.5 

36.0 

990.5 

10 

Full 

2035 

110-40-F 

1.17 

7  830 

111.8 

20.3 

557.9 

10 

Full 

2037 

165-40-F 

1.00 

10   160 

169.3 

30.7 

844.8 

10 

FuU 

2038 

55-24-F 

1.83 

5  586 

50.8 

9.2 

253.4 

6 

Full 

2039 

110-32-F 

1.50 

9   896 

110.0 

20.0 

548.7 

8 

Full 

2040 

165-40-F 

1.00 

10   127 

168.8 

30.7 

842.2 

10 

Full 

2041 

110-40-F 

1.17 

7   709 

110.1 

20.0 

549.5 

10 

Full 

2042 

110-24-F 

2.00 

13   190 

109.9 

20.0 

548.5 

6 

Full 

2043 

110-48-F 

1.17 

7   681 

109.7   ■ 

19.9 

547.6 

12 

Full 

2044 

110-56-F 

1.00 

6  585 

109.8 

19.9 

547.7 

14 

Full 

2045 

110-16-F 

2.17 

14  277 

109.8 

19.9 

548.0 

4 

Full 

2072 

110-40-F 

1.00 

6   575 

109.6 

19.9 

546.8 

10 

Full 

2073 

110-32-F 

1.33 

8    751 

109.4 

19.9 

545.9 

8 

Full 

2074 

165-32-F 

1.00 

10   178 

169.6 

30.8 

846.3 

8 

Full 

2075 

55-32-F 

2.33 

7   081 

50.6 

9.2 

252.3 

8 

Full 

2076 

220-32-F 

0.58 

8   047 

229.9 

41.7 

1147.2 

8 

Full 

2077 

110-24-F 

1.83 

12    174 

110.7 

20.1 

552.2 

6 

Full 

2078 

165-24-F 

1.17 

11   830 

169.0 

30.7 

843.3 

6 

Full 

2079 

220-24-F 

1.00 

13   914 

231.9 

42.1 

1157.2 

6 

Full 

2080 

110-16-F 

2.17 

14   346 

110.4 

20.0 

550.7 

4 

FuU 

2081 

55-24-F 

2.50 

7   593 

50.6 

9.2 

252.5 

6 

FuU 

2082 

165-40-F 

0.83 

8   484 

169.7 

30.8 

846.7 

10 

Full 

2083 

165-16-F 

1.67 

17   031 

170.3 

30.9 

849.8 

4 

Full 

2084 

110-48-F 

0.83 

5   519 

110.4 

20. 0 

550.8 

12 

FuU 

2085 

55-40-F 

2.00 

6   136 

51.1 

9.3 

255.1 

10 

Full 

2086 

55-24-F 

2.83 

8   725 

51.3 

9.3 

256.1 

6 

FuU 

2087 

110-16-F 

2.50 

16  660 

111.] 

20.2 

554.4 

4 

Full 

2088 

220-16-F 

1.67 

23   418 

234.2 

42.5 

1168.6 

4 

FuU 

2089 

220-40-F 

0.58 

8  075 

230.7 

41.9 

1151.2 

10 

FuU 

2092 

165-32-F 

0.83 

8  425 

168.5 

30.6 

840.8 

8 

Full 

2093 

165-48-F 

0.50 

5   023 

167.4 

30.4 

835.5 

12 

Full 

2094 

110-56-F 

0.42 

2   772 

110.9 

20.1 

553.3 

14 

Full 

2095 

55-48-F 

1.00 

3   077 

51.3 

9.3 

255.9 

12 

FuU 

2096 

55-40-F 

1.50 

4  636 

51.5 

9.4 

257.0 

10 

FuU 

2097 

55-32-F 

1.83 

5  732 

52.1 

9.5 

260.0 

8 

Full 

2098 

55-48-F 

0.83 

2   587 

51.7 

9.4 

258.2 

12 

Full 

2090 

110-24-F 

1.00 

6   640 

110.7 

20.1 

552.2 

6 

Full 

2091 

165-32-F 

0.50 

5   079 

169.3 

30.7 

844.8 

8 

Full 
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Table  14. 

Temperature  and  Pressure 


Laboratory 
Designation 

Temperature,  Deg 

.  Fahr. 

Pressure, 
lb.  per  sq.  in. 

Test 
No. 

Front- 

Laboratory 

Feed 

Fire 

Boiler, 
Aver- 

Labor- 

atory 

end 

Dry 

Wet 

Water 

Box 

Baro- 

Bulb 

Bulb 

age 

metric 

CodeItem£3f 
138-16-F 

367 

368 
93 

369 

75 

373 

374 

1950 

380 

190. 5~ 

~388~ 

2009 

64.1 

14.3 

2010 

193-20-F 

761 

62 

57 

59.3 

2081 

192.0 

14.4 

2012 

138-24-F 

712 

86 

69 

61.7 

1959 

191.8 

14.4 

2013 

138-32-F 

754 

87 

70 

62.2 

1957 

190.1 

14.4 

2014 

193-32-F 

751 

94 

75 

62.9 

191.5 

14.4 

2015 

193-24-F 

702 

97 

75 

61.7 

192.1 

14.4 

2016 

193-16-F 

671 

94 

75 

63.4 

193.9 

14.4 

2017 

83-16-F 

619 

93 

76 

72.2 

193.4 

14.4 

2018 

83-24-F 

649 

92 

71 

64.0 

194.2 

14.3 

2019 

83-32-F 

684 

86 

73 

62.1 

193.8 

14.3 

2020 

83-24-F 

499 

70 

61 

64.9 

190.7 

14.4 

2021 

83-16-F 

494 

63 

53 

57.8 

1552 

193.7 

14.5 

2022 

83-32-F 

554 

66 

56 

58.3 

1808 

189.9 

14.5 

2023 

138-40-F 

639 

64 

55 

57.7 

1898 

190.8 

14.4 

2024 

55-24-F 

517 

66 

51 

59.3 

1829 

196.3 

14.5 

2026 

110-16-F 

531 

58 

52 

61.0 

1748 

196.9 

14.5 

2027 

110-24-F 

552 

64 

56 

60.2 

1677 

196.8 

14.4 

2028 

55-32-F 

515 

66 

58 

70.4 

1700 

198.1 

14.4 

2029 

110-32-F 

560 

73 

65 

60.9 

1690 

197.1 

14.4 

2030 

165-24-F 

565 

76 

68 

60.2 

1636 

196.5 

14.3 

2031 

83-40-F 

570 

72 

66 

60.6 

1811 

196.4 

14.3 

2032 

165-32-F 

613 

71 

66 

59.6 

1630 

196.8 

14.3 

2033 

110-48-F 

603 

73 

67 

60.6 

1806 

196.0 

14.3 

2034 

193-40-F 

632 

76 

69 

59.8 

1879 

192.1 

14.3 

2035 

110-40-F 

589 

73 

65 

61.7 

1663 

194.3 

14.3 

2037 

165-40-F 

651 

75 

69 

60.8 

1800 

196.1 

14.4 

2038 

55-24-F 

510 

64 

52 

58.2 

1544 

198.3 

14.5 

2039 

110-32-F 

578 

62 

55 

59.1 

1815 

197.1 

14.5 

2040 

165-40-F 

640 

64 

55 

57.9 

1828 

190.3 

14.5 

2041 

110-40-F 

621 

58 

52 

55.0 

1800 

192.3 

14.5 

2042 

110-24-F 

557 

59 

53 

57.1 

1758 

196.8 

14.5 

2043 

110-48-F 

646 

55 

50 

58.4 

1856 

194.4 

14.5 

2044 

110-56-F 

686 

54 

48 

56.8 

1871 

190.1 

14.4 

2045 

110-16-F 

551 

61 

54 

59.6 

1775 

197.1 

14.4 

2072 

110-40-F 

620 

59 

54 

59.5 

1643 

196.7 

14.4 

2073 

110-32-F 

595 

53 

48 

56.9 

1662 

197.6 

14.5 

2074 

165-32-F 

637 

59 

52 

59.7 

1662 

197.1 

14.4 

2075 

55-32-F 

543 

58 

52 

58.1 

1661 

198.1 

14.4 

2076 

220-32-F 

675 

63 

54 

60.1 

1785 

196.0 

14.4 

2077 

110-24-F 

565 

58 

51 

58.7 

1570 

196.0 

14.3 

2078 

165-24-F 

595 

62 

53 

58.4 

1597 

196.4 

14.5 

2079 

220-24-F 

614 

64 

54 

58.8 

1688 

197.4 

14.5 

2080 

110-16-F 

534 

60 

53 

59.7 

1418 

198.8 

14.6 

2081 

55-24-F 

507 

63 

54 

57.9 

1407 

198.2 

14.6 

2082 

165-40-F 

673 

55 

51 

63.6 

1458 

195.2 

14.3 

2083 

165-16-F 

563 

62 

54 

60.5 

1267 

198.7 

14.4 

2084 

110-48-F 

653 

60 

56 

52.6 

194.0 

14.5 

2085 

55-40-F 

545 

62 

55 

44.7 

197.9 

14.4 

2086 

55-24-F 

506 

67 

57 

56.2 

199.1 

14.4 

2087 

110-16-F 

524 

69 

59 

59.5 

199.2 

14.3 

2088 

220-16-F 

563 

73 

61 

58.1 

197.8 

14.2 

2089 

220-40-F 

703 

59 

50 

58.4 

194.9 

14.4 

2092 

165-32-F 

643 

52 

49 

59.4 

198.4 

14.4 

2093 

165-48-F 

702 

60 

52 

59.3 

191.5 

14.3 

2094 

110-56-F 

679 

65 

58 

59.0 

196.3 

14.2 

2095 

55-48-F 

567 

60 

53 

60.0 

198.1 

14.2 

2096 

55-40-F 

584 

61.4 

196.1 

14.4 

2097 

55-32-F 

573 

58.6 

198.8 

14.4 

2098 

55-48-F 

611 

59.2 

198.2 

14.4 

2090 

110-24-F 

552 

67 

58 

60.1 

199.0 

14.4 

2091 

165-32-F 

1  626 

64 

57 

59.5 

198.6 

14.4 
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Table  15. 
Draft,  Injectors,  Quality  of  Steam. 


Draft,  in. 

of  Water 

Injectors 

in  Action 

Quality 

Factor 
of 

Front-e 

of 

Correc- 

Test 

Laboratory 

Ash 
Pan 

Right, 

Left, 

Right, 

Left, 

Steam 

tion  for 

No. 

Designation 

Front 

Back 

Fire 
Box 

Total 

Total 

No.  of 

No.  of 

in 

Quality 

of  Dia- 

of Dia- 

Hours 

Hours 

Times 

Times 

Dome 

of 

phragm 

phragm 

Steam 

CodeItem£^ 

304 

S95 

2.6 

396 

397 

403 

404 

405 

406 

407 

412 

2009 

138-16-F 

3.7 

1.6 

0.990 

0.9919 

2010 

193-20-F 

5.5 

3.9 

2.1 

0.987 

0.9908 

2012 

138-24-F 

5.8 

4.0 

2.1 

0.989 

0.9918 

2013 

138-32-F 

7.6 

5.1 

2.7 

0.985 

0.9888 

2014 

193-32-F 

9.1 

6.0 

3.2 

0.984 

0.9883 

2015 

193-24-F 

7.3 

4.9 

2.8 

0.987 

0.9908 

2016 

193-16-F 

5.0 

3.5 

2.0 

0.989 

0.9919 

2017 

83-16-F 

2.7 

1.9 

0.9 

0.991 

0.9935 

2018 

83-24-F 

3.9 

2.7 

1.5 

0.993 

0.9949 

2019 

83-32-F 

5.4 

3.7 

2.0 

0.991 

0.9935 

2020 

83-24-F 

3.4 

2.3 

1.2 

1.6 

0.0 

19 

0 

0.9929 

0.9949 

2021 

83-16-F 

2.2 

1.4 

0.7 

1.3 

0.0 

29 

0 

0.9945 

0.9961 

2022 

83-32-F 

4.8 

3.0 

1.6 

2.0 

0.0 

3 

0 

0.9956 

0.9968 

2023 

138-40-F 

9.0 

5.6 

2.1 

0.5 

1.5 

26 

1 

0.9930 

0.9950 

2024 

55-24-F 

2.6 

1.6 

1.0 

1.2 

0.0 

37 

0 

0.9950 

0.9964 

2026 

110-16-F 

2.9 

1.9 

1.0 

1.4 

0.0 

50 

0 

0.9895 

0.9925 

2027 

110-24-F 

4.7 

2.7 

1.5 

2.1 

0.0 

33 

0 

0.9914 

0.9938 

2028 

55-32-F 

3.2 

2.2 

1.1 

2.1 

0.0 

32 

0 

0.9912 

0.9936 

2029 

110-32-F 

6.1 

3.9 

1.8 

1.5 

0.0 

3 

0 

0.9902 

0.9930 

2030 

165-24-F 

6.2 

3.9 

2.0 

1.7 

0.0 

1 

0 

0.9894 

0.9924 

2031 

83-40-F 

6.8 

4.3 

2.2 

1.5 

0.1 

1 

4 

0.9896 

0.9926 

2032 

165-32-F 

8.4 

4.9 

2.3 

0.7 

0.1 

1 

5 

0.9862 

0.9901 

2033 

110-48-F 

8.2 

5.1 

2.2 

0.3 

1.3 

16 

1 

0.9867 

0.9904 

2034 

193-40-F 

10.7 

6.6 

2.3 

0.6 

1.0 

17 

1 

0.9857 

0.9898 

2035 

110-40-F 

8.4 

5.2 

2.7 

0.5 

1.2 

13 

1 

0.9833 

0.9879 

2037 

165-40-F 

10.2 

6.2 

3.2 

0.5 

0.0 

24 

0 

0.9860 

0.9900 

2038 

55-24-F 

2.6 

1.7 

1.1 

0.3 

1.8 

0.0 

1 

0 

0.9934 

0.9953 

2039 

110-32-F 

6.9 

4.5 

2.4 

0.6 

1.5 

0.0 

1 

0 

0.9917 

0.9941 

2040 

165-40-F 

9.9 

6.8 

3.2 

0.6 

0.6 

1.0 

16 

1 

0.9917 

0.9940 

2041 

110-40-F 

8.7 

5.5 

2.2 

0.5 

0.3 

1.2 

20 

1 

0.9900 

0.9852 

2042 

110-24-F 

4.9 

3.2 

1.7 

0.4 

2.0 

0.0 

1 

0 

0.9932 

0.9952 

2043 

110-48-F 

9.7 

5.9 

2.4 

0.7 

0.6 

1.2 

24 

1 

0.9866 

0.9904 

2044 

110-56-F 

11.8 

7.5 

3.2 

0.7 

0.8 

1.0 

5 

1 

0.9900 

0.9928 

2045 

110-16-F 

3.2 

2.2 

1.1 

0.3 

2.2 

0.0 

1 

0 

0.9934 

0.9953 

2072 

110-40-F 

8.0 

4.9 

2.0 

0.7 

0.3 

1.0 

20 

1 

0.9895 

0.9925 

2073 

110-32-F 

5.7 

3.5 

1.6 

0.5 

1.3 

0.0 

1 

0 

0.9919 

0.9942 

2074 

165-32-F 

8.5 

5.3 

2.4 

0.5 

0.5 

0.9 

21 

1 

0.9861 

0.9901 

2075 

55^32-F 

2.8 

1.8 

0.9 

0.3 

2.3 

0.0 

1 

0 

0.9952 

0.9970 

2076 

220-32-F 

9.2 

5.7 

2.8 

0.5 

3.8 

0.6 

10 

1 

0.9844 

0.9888 

2077 

110-24-F 

4.1 

2.5 

1.3 

0.4 

1.8 

0,0 

3 

0 

0.9947 

0.9963 

2078 

165-24-F 

6.0 

3.9 

1.9 

0.5 

1.2 

0.1 

3 

3 

0.9915 

0.9939 

2079 

220-24-F 

7.0 

4.8 

2.3 

0.4 

0.1 

1.3 

13 

1 

0.9889 

0.9921 

2080 

110-16-F 

2.9 

2.0 

1.0 

0.2 

2.2 

0.0 

1 

0 

0.9956 

0.9968 

2081 

55-24-F 

2.2 

1.5 

0.7 

0.2 

2.5 

0.0 

4 

0 

0.9963 

0.9974 

2082 

165-40-F 

11.2 

7.3 

3.4 

0.6 

0.4 

0.8 

18 

1 

0.9886 

0.9917 

2083 

165-16-F 

4.3 

2.7 

1.6 

0.4 

1.7 

0.0 

1 

0 

0.9934 

0.9953 

2084 

110-48-F 

10.0 

6.3 

2.9 

0.8 

0.8 

0.4 

21 

1 

0.9896 

0.9926 

2085 

55-40-F 

4.0 

2.5 

1.1 

0.3 

2.0 

0.0 

1 

0 

0.9962 

0.9973 

2086 

55-24-F 

2.2 

1.4 

0.7 

0.3 

2.8 

0.0 

1 

0 

0.9963 

0.9974 

2087 

110-16-F 

2.9 

1.9 

0.9 

0.2 

2.5 

0.0 

1 

0 

0.9956 

0.9968 

2088 

220-16-F 

4.5 

2.9 

1.2 

0.3 

1.7 

0.0 

1 

0 

0.9919 

0.9942 

2089 

220-40-F 

11.9 

7.1 

3.5 

0.7 

0.6 

0.6 

3 

1 

0.9884 

0.9917 

2092 

165-32-F 

8.2 

5.1 

2.2 

0.6 

0.3 

0.8 

16 

1 

0.9894 

0.9924 

2093 

165-48-F 

12.8 

7.8 

3.4 

0.9 

0.3 

0.5 

3 

1 

0.9879 

0.9913 

2094 

110-56-F 

12.1 

7.3 

3.0 

0.8 

0.4 

0.4 

2 

1 

0.9887 

0.9919 

2095 

55-48-F 

5.3 

3.0 

1.5 

0.4 

1.0 

0.0 

1 

0 

0.9943 

0.9959 

2096 

55-40-F 

4.2 

2.6 

1.2 

0.4 

1.5 

0.1 

1 

1 

0.9891 

0.9922 

2097 

55-32-F 

3.2 

2.3 

1.0 

0.5 

1.8 

0.0 

1 

0 

0.9853 

0.9895 

2098 

55-48-F 

5.4 

3.7 

1.9 

0.8 

0.8 

0.0 

1 

0 

0.9840 

0.9885 

2090 

110-24-F 

4.2 

2.9 

1.1 

0.3 

1.0 

0.0 

1 

0 

0.9952 

0.9966 

2091 

165-32-F 

8.2 

4.9 

2.1 

0.6 

0.2 

0.5 

8 

1 

0.9911 

0.9936 
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Table  16. 
Coal,  Cinders,  Ash,  Smoke,  and  Humidity. 


Test 
No. 

Laboratory 
Designation 

Coal 

Fired 

Total, 

lb. 

Dry 

Coal 
Fired 
Total, 
J   lb. 

Combust- 
ible by 

Analysis 

Total, 

lb. 

Ash 
by 

Analysis 

Total, 

lb. 

Front- 
end 
Cinders 

Total, 
lb. 

Stack 

Cinders 

Total, 

lb. 

Front 
End  and 

Stack 
Cinders 

Total, 
lb. 

Code  ltem£§" 

418 

419 

6618 

420 

421 

422 
26 

423 

413 

424 

2009 

138-16-F 

7497 

5786 

832 

439 

2010 

193-20-F 

5147 

4537 

3943 

593 

10 

507 

517 

2012 

138-24-F 

7657 

6797 

5835 

962 

9 

648 

657 

2013 

138-32-F 

7832 

7124 

6119 

1005 

10 

925 

935 

2014 

193-32-F 

7978 

7230 

6153 

1077 

9 

1045 

1054 

2015 

193-24-F 

8298 

7391 

6365 

1026  ' 

12 

1092 

1104 

2016 

193-16-F 

8603 

7595 

6368 

1228 

11 

681 

692 

2017 

83-16-F 

6535 

5872 

5079 

793 

12 

187 

199 

2018 

83-24-F 

7589 

6765 

5795 

970 

29 

380 

409 

2019 

83-32-F 

7793 

6965 

6096 

865 

14 

586 

600 

2020 

83-24-F 

5416 

4943 

4318 

625 

16 

286 

302 

2021 

83-16-F 

5040 

4422 

3837 

585 

22 

243 

265 

2022 

83-32-F 

8198 

7346 

6222 

1124 

8 

898 

906 

2023 

138-40-F 

11556 

10031 

8637 

1394 

7 

2075 

2082 

2024 

55-24-F 

4104 

3628 

3171 

456 

20 

115 

135 

2026 

110-16-F 

5693 

4969 

4265 

704 

25 

279 

304 

2027 

110-24-F 

9322 

8139 

7075 

1064 

20 

745 

765 

2028 

55-32-F 

6414 

5615 

4887 

729 

14 

372 

386 

2029 

110-32-F 

7257 

6363 

5445 

918 

15 

869 

884 

2030 

165-24-F 

7501 

6689 

5888 

801 

11 

856 

867 

2031 

83-40-F 

7686 

6366 

5414 

952 

13 

944 

957 

2032 

165-32-F 

4104 

3568 

3037 

532 

10 

662 

672 

2033" 

110-48-F 

7940 

6835 

5839 

996 

10 

1219 

1229 

2034 

193-40-F 

8916 

7767 

6501 

1266 

10 

1499 

1509 

2035 

110-40-F 

7590 

6493 

5575 

918 

6 

934 

940 

2037 

165-40-F 

7625 

6554 

5631 

923 

11 

1206 

1217 

2038 

55-24-F 

4202 

3688 

2985 

703 

19 

126 

145 

2039 

110-32-F 

7678 

6775 

5639 

1136 

17 

808 

825 

2040 

165-40-F 

8515 

7482 

6325 

1157 

10 

1617 

1627 

2041 

110-40-F 

7957 

6838 

5851 

987 

6 

1218 

1224 

2042 

110-24-F 

7771 

6713 

5720 

992 

6 

663 

669 

2043 

110-48-F 

9979 

8637 

7431 

1205 

17 

1829 

1846 

2044 

110-56-F 

9623 

8361 

7080 

1282 

10 

1771 

1781 

2045 

110-16-F 

6061 

5258 

4369 

889 

23 

453 

476 

2072 

110-40-F 

6802 

5927 

5103 

824 

1140 

2073 

110-32-F 

6703 

5812 

5116 

694 

12 

736 

748 

2074 

165-32-F 

6766 

6015 

5206 

805 

3 

949 

952 

2075 

55-32-F 

6236 

5430 

4791 

639 

13 

385 

398 

2076 

220-32-F 

5394 

4568 

3983 

585 

14 

1057 

1071 

2077 

110-24-F 

6896 

6015 

5240 

775 

14 

449 

463 

2078 

165-24-F 

6332 

5492 

4786 

706 

16 

758 

774 

2079 

220-24-F 

6332 

5783 

5121 

662 

14 

873 

887 

2080 

110-16-F 

6031 

5248 

.  4666 

581 

15 

210 

225 

2081 

55-24-F 

5591 

4937 

4355 

582 

18 

155 

173 

2082 

165-40-F 

8506 

7495 

6624 

871 

19 

1640 

1659 

2083 

165-16-F 

6453 

5564 

4847 

717 

21 

432 

453 

2084 

110-48-F 

7592 

6595 

5633 

963 

20 

1244 

1264 

2085 

55-40-F 

6991 

6116 

5353 

763 

17 

434 

451 

2086 

55-24-F 

6660 

5860 

5082 

778 

17 

310 

327 

2087 

110-16-F 

7004 

6185 

5337 

847 

18 

296 

314 

2088 

220-16-F 

6445 

5588 

4688 

900 

17 

456 

473 

2089 

220-40-F 

7401 

6491 

5558 

933 

13 

1728 

1741 

2092 

165-32-F 

5491 

4700 

4128 

572 

12 

698 

710 

2093 

165-48-F 

5933 

5108 

4444 

664 

10 

1391 

1401 

2094 

110-56-F 

4095 

3514 

3055 

459 

13 

811 

824 

2095 

55-48-F 

3799 

3334 

2854 

480 

10 

250 

260 

2096 

55-40-F 

2097 

55-32-F 

2098 

55-48-F 

2090 

110-24-F 

3605 

3176 

2772 

404 

14 

312 

326 

2091 

165-32-F 

3028 

2626 

2302 

324 

12 

431 

443 
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Table  17. 
Coal,  Cinders,  Ash,  Smoke,  and  Humidity. 


Laboratory 
Designation 

Cinder 

Loss, 

Per  cent 

of  Total 

Dry  Coal 

Fired 

Stack 

Cinder 

Loss, 

Per  cent 

of  Total 

Dry  Coal 

Fired 

Ash   from   Ash 

Pan 

Smoke 

Humidity 

Test 
No. 

i 

Total, 
lb. 

Per  cent 

of  Total 

Dry  Coal 

Fired 

1 
Per  cent 
of  Ash 
by       1 
Analysis 

Per  cent  of 
Blackness  < 
by  Ringle-  I 

mann 

Chart 

Moisture 
per  lb. 

of 

Dry  Air, 

lb. 

1 

Code[tem&£f 

426 

427 
6.2 

428 
172 

429 

2.6 

430 

20.7 

431 

435 

2009 

138-16-F 

6.6 

.014 

2010 

193-20-F 

11.4 

11.2 

69 

1.5 

11.6 

.008 

2012 

138-24-F 

9.7 

9.5 

318 

4.7 

33.0 

.011 

2013 

138-32-F 

13.1 

13.0 

301 

4.2 

30.0 

.011 

2014 

193-32-F 

14.6 

14.5 

159 

2.2 

14.7 

.014 

2015 

193-24-F 

14.9 

14.8 

557 

7.5 

54.2 

.014 

2016 

193-16-F 

9.1 

9.0 

445 

5.9 

36.2 

.014 

2017 

83-16-F 

3.4 

3.2 

295 

5.0 

37.2 

.015 

2018 

83-24-F 

6.1 

5.6 

309 

4.6 

31.9 

.011 

2019 

83-32-F 

8.6 

8.4 

387 

5.6 

44.5 

.014 

2020 

83-24-F 

6.1 

5.8 

151 

3.1 

24.2 

.010 

2021 

83-16-F 

6.0 

5.5 

455 

10.3 

77.8 

.006 

2022 

83-32-F 

12.3 

12.2 

568 

7.7 

50.5 

.010 

2023 

138-40-F 

20.8 

20.7 

631 

6.3 

45.3 

.007 

2024 

55-24-F 

3.7 

3.2 

202 

5.6 

44.3 

.005 

2026 

110-16-F 

6.1 

5.6 

390 

7.9 

55.4 

45 

.007 

2027 

110-24-F 

9.4 

9.2 

513 

6.3 

48.2 

43 

.008 

2028 

55-32-F 

6.9 

6.6 

429 

7.6 

58.9 

20 

.009 

2029 

110-32-F 

13.9 

13.7 

503 

7.9 

54.8 

44 

.011 

2030 

165-24-F 

13.0 

12.8 

374 

5.6 

46.7 

55 

.013 

2031 

83-40-F 

15.0 

14.8 

434 

6.8 

45.6 

.012 

2032 

165-32-F 

18.8 

18.6 

222 

6.2 

41.7 

51 

.013 

2033 

110-48-F 

18.0 

17.8 

409 

6.0 

41.1 

.013 

2034 

193-40-F 

19.4 

19.3 

645 

8.3 

51.0 

.014 

2035 

110-40-F  - 

14.5 

14.4 

518 

8.0 

56.4 

.011 

2037 

165-40-F 

18.6 

18.4 

445 

6.8 

48.2 

.014 

2038 

55-24-F 

3.9 

3.4 

280 

7.6 

39.8 

.006 

2039 

110-32-F 

12.2 

11.9 

476 

7.0 

41.9 

.008 

2040 

165-40-F 

21.8 

21.6 

393 

5.3 

34.0 

.007 

2041 

110-40-F 

17.9 

17.8 

400 

5.9 

40.5 

.007 

2042 

110-24-F 

10.0 

9.9 

410 

6.1 

41.3 

.007 

2043 

110-48-F 

21.4 

21.2 

463 

5.4 

38.4 

.006 

2044 

110-56-F 

21.3 

21.2 

410 

4.9 

32.0 

.006 

2045 

110-16-F 

9.0 

8.6 

400 

7.6 

45.0 

32 

.007 

2072 

110-40-F 

19.2 

273 

4.6 

33.1 

42 

.008 

2073 

110-32-F 

12.9 

12.7 

336 

5.8 

48.4 

35 

.006 

2074 

165-32-F 

15.8 

15.8 

416 

6.9 

51.7 

45 

.007 

2075 

55-32-F 

7.3 

7.1 

216 

4.0 

33.8 

20 

.007 

2076 

220-32-F 

23.4 

23.1 

313 

6.9 

53.5 

.007 

2077 

110-24-F 

7.7 

7.5 

200 

3.3 

25.8 

.006 

2078 

165-24-F 

14.1 

13.8 

282 

5.1 

39.9 

.007 

2079 

220-24-F 

15.3 

15.1 

569 

9.8 

86.0 

.007 

2080 

110-16-F 

4.3 

4.0 

428- 

8.2 

73.7 

.007 

2081 

55-24-F 

3.5 

3.1 

427 

8.7 

73.4 

.007 

2082 

165-40-F 

22.1 

21.9 

576 

7.7 

66.1 

.007 

2083 

165-16-F 

8.2 

7.8 

564 

10.1 

78.7 

.007 

2084 

110-48-F 

19.2 

18.9 

501 

7.6 

52.0 

.008 

2085 

55-40-F 

7.4 

7.1 

530 

8.7 

69.5 

.008 

2086 

55-24-F 

5.6 

5.3 

555 

9.5 

71.3 

.008 

2087 

110-16-F 

5.1 

4.8 

604 

9.8 

71.3 

.008 

2088 

220-16-F 

8.5 

8.2 

523 

9.4 

58.1 

.008 

2089 

220-40-F 

26.8 

26.6 

429 

6.6 

46.0 

.006 

2092 

165-32-F 

15.1 

14.9 

357 

7.6 

62.4 

.006 

2093 

165-48-F 

27.4 

27.2 

495 

9.7 

74.5 

.006 

2094 

110-56-F 

23.5 

23.1 

234 

6.7 

51.0 

.008 

2095 

55-48-F 

7.8 

7.5 

256 

7.7 

53.3 

.007 

2096 

55-40-F 

2097 

55-32-F 

2098 

55-48-F 

2090 

110-24-F 

10.3 

9.8 

315 

9.9 

78.0 

.008 

2091 

165-32-F 

16.9 

16.4 

260 

1       9.9 

1      80.3 

.008 
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Table  18. 

Coal  Analysis. 

Proximate  Analysis 

Ultimate  Analysis 

Coal   as  Fired 

Calorific 

Coal  as 

Fired 

Test 
No. 

Laboratory 
Designation  . 

1               1                  1 
Fixed  Volatile 

Carbon,  Matter,  Moisture, 

Ash, 

Sulphur 
Separ- 
ately 

Value 
per  lb.   j 
of  Coal    Carbon, 
as  Fired,       per 
B.t.u.         cent 

Hydro- 
gen, 

Nitro- 
gen. 

Oxy- 
gen, 

per 

per 

per  cent 

per 

Deter- 

per 

per 

per 

cent 

cent 

cent 

mined, 

cent 

cent 

cent 

per  cent 

Dodeltemg^f 

437 
38.21 

438 

38.97 

440 
11.72 

441 

442 

443 

11   083 

449 
61.68 

450 

4.48 

451 

0.85 

452 

2009 

~138-16^F~ 

11.10 

2.33 

7.84 

2010 

193-20-F 

37.71 

38.90 

11.86 

11.53 

3.54 

10   959 

60.22 

4.37 

0.83 

7.65 

2012 

138-24-F 

38.08 

38.12 

11.23 

12.57 

3.43 

10   901    , 

59.97 

4.36 

0.83 

7.62 

2013 

138-32-F 

38.92 

39.21 

9.04 

12.83 

3.56 

11   135 

61.45    j 

4.46 

0.85 

7.81 

2014 

193-32-F 

38.14 

38.99 

9.37 

13.50 

3.43 

11   042 

60.74 

4.41 

0.84 

7.72 

2015 

193-24-F 

38.16 

38.55 

10.92 

12.37 

3.51 

10   963 

60.32 

4.38 

0.83 

7.66 

2016 

193-16-F 

36.86 

37.16 

11.71 

14.27 

4.16 

10   588 

57.57 

4.18 

0.79 

7.31 

2017 

83-16-F 

38.80 

38.92 

10.15 

12.13 

3.50 

11   179 

61.17    1 

4.44 

0.84 

7.72 

2018 

83-24-F 

38.25 

38.11 

10.86 

12.78 

3.12 

10   932 

60.36 

4.38 

0.83 

7.67 

2019 

83-32-F 

37.68 

40.55 

10.62 

11.15 

3.13 

11    192 

61.89 

4.43 

0.85 

7.86 

2020 

83-24-F 

39.40 

40.33 

8.73 

11.54 

3.86 

11   228 

62.42 

3.80 

1.61 

8.03 

2021 

83-16-F 

37.59 

38.54 

12.27 

11.60 

3.69 

10   768 

59.60 

3.63 

1.54 

7.67 

2022 

83-32-F 

27.57 

38.33 

10.39 

13.71 

4.36 

10   642 

58.86    j 

3.59 

1.52 

7.57 

2023 

138-40-F 

36.41 

38.33 

13.20 

12.06 

4.38 

10   686 

57.89 

3.53 

1.50 

7.45 

2024 

55-24-F 

37.02 

40.25 

11.61 

11.12 

3.41 

11   236 

60.77 

3.70 

1.57 

7.82 

2026 

110-16-F 

35.94 

38.98 

12.72 

12.36 

3.68 

10   743 

58.61 

3.57 

1.51 

7.54 

2027 

110-24-F 

37.38 

38.52 

12.69 

11.41 

3.42 

11   078 

59.64 

3.63 

1.54 

7.67 

2028 

55-32-F 

37.11 

39.08 

12.45 

11.36 

3.21 

11   077 

60.05 

3.66 

1.55 

7.72 

2029 

110-32-F 

35.06 

39.97 

12.32 

12.65 

3.67 

10   948 

58.71 

3.58 

1.52 

7.55 

2030 

165-24-F 

38.03 

40.46 

10.83 

10.68 

3.61 

11   376 

61.61 

3.75 

1.59 

7.92 

2031 

83-40-F 

34.11 

36.33 

17.18 

12.38 

3.15 

9   929 

55.36 

3.37 

1.43 

7.12 

2032 

165-32-F 

35.55 

38.44 

13.05 

12.96 

4.36 

10   644 

57.29 

3.49 

1.48 

7.37 

2033 

110-48-F 

35.99 

37.55' 

13.92 

12.54 

4.16 

10   539 

57.08 

3.48 

1.48 

7.34 

2034 

193-40-F 

34.86 

38.05 

12.89 

14.20 

3.99 

10   309 

56.71 

3.45 

1.47 

7.29 

2035 

110-40-F 

34.41 

39.04 

14.46 

12.09 

4.09 

10   547 

57.07 

3.48 

1.48 

7.34 

2037 

165-40-F 

35.69 

38.10 

14.05 

12.10 

4.31 

10   693 

57.22 

3.49 

1.48 

7.36 

2038 

55-24-F 

34.50 

36.54 

12.24 

16.72 

3.63 

10   041 

55.46 

3.38 

1.43 

7.13 

2039 

110-32-F 

35.80 

37.65 

11.76 

14.79 

4.36 

10   355 

56.85 

3.46 

1.47 

7.31 

2040 

165-40-F 

35.58 

38.70 

12.13 

13.59 

4.19 

10   688 

57.67 

3.51 

1.49 

7.42 

2041 

110-40-F 

35.64 

37.89 

14.06 

12.41 

3.55 

10   550 

57.58 

3.51 

1.49 

7.41 

2042 

110-24-F 

36.24 

37.37 

13.62 

12.77 

3.73 

10   602 

57.50 

3.50 

1.49 

7.39 

2043 

110-48-F 

36.48 

37.99 

13.45 

12.08 

3.50 

10   841 

58.39 

3.56 

1.51 

7.51 

2044 

110-56-F 

36.25 

37.32 

13.11 

13.32 

3.56 

10   594 

57.60 

3.51 

1.49 

7.41 

2045 

110-16-F 

35.43 

36.66 

13.25 

14.66 

4.55 

10   310 

55.57 

3.39 

1.44 

7.15 

2072 

110-40-F 

37.21 

37.81 

12.87 

12.11 

4.28 

10   857 

57.75 

4.27 

2.10 

6.62 

2073 

110-32-F 

38.60 

37.72 

13.33 

10.35 

3.78 

11   051 

59.21 

4.38 

2.15 

6.79 

2074 

165-32-F 

38.79 

38.16 

11.15 

11.90 

3.36 

11   173 

60.07 

:    4.44 

2.19 

6.89 

2075 

55-32-F 

38.85 

37.98 

12.93 

10.24 

3.59 

11   074 

59.79 

4.42 

2.18 

6.86 

2076 

220-32-F 

35.81 

38.03 

15.31 

10.85 

2.79 

10   602 

58.00 

4.29 

2.11 

6.65 

2077 

110-24-F 

37.94 

38.04 

12.78 

11.24 

3.64 

11   019 

59.05 

4.37 

2.15 

6.77 

2078 

165-24-F 

37.88 

37.71 

13.26 

11.15 

3.66 

10   858 

58.72 

4.34 

2.14 

6.73 

2079 

220-24-F 

40.44 

40.44 

8.67 

10.45 

3.56 

11   660 

63.12 

4.67 

2.30 

7.24 

2080 

110-16-F 

36.71 

40.66 

12.99 

9.64 

3.32 

11    178 

60.45 

4.47 

2.20 

6.93 

2081 

55-24-F 

38.17 

39.72 

11.70 

10.41 

3.29 

11   214 

60.90 

4.51 

2.22 

6.98 

2082 

165-40-F 

37.92 

39.95 

11.89 

10.24 

3.27 

11    125 

60.90 

4.51 

2.22 

6.98 

2083 

165-16-F 

36.71 

38.41 

13.77 

11.11 

3.16 

10   916 

58.74 

4.35 

2.14 

6.74 

2084 

110-48-F 

35.11 

39.08 

13.13 

12.68 

3.51 

10   689 

57.70 

!    4.27 

2.10 

6.62 

2085 

55-40-F 

37.53 

39.04 

12.52 

10.91 

3.13 

11   042 

59.95 

I    4.44 

!  2.18 

6.87 

2086 

55-24-F 

36.86 

39.45 

32.01 

11.68 

3.58 

11   075 

59.37 

4.39 

2.16 

6.81 

2087 

110-16-F 

36.77 

39.43 

11.70 

12.10 

3.68 

10   836 

59.20 

4.38 

1  2.15 

6.79 

2088 

220-16-F 

35.86 

36.88 

13.30 

13.96 

4.04 

10   487 

56.08 

4.15 

!   2.04 

6.43 

2089 

220-40-F 

36.54 

38.56 

12.30 

12.60 

3.33 

10   837 

58.59 

4.33 

2.13 

6.72 

2092 

165-32-F 

37.35 

37.83 

14.40 

10.42 

3.02 

10   802 

58.90 

4.36 

2.14 

6.75 

2093 

165-48-F 

37.16 

37.74 

13.90 

11.20 

2.69 

10   807 

58.95 

4.36 

2.14 

6.76 

2094 

110-56-F 

36.92 

37.68 

14.20 

11.20 

3.41 

10   662 

58.11 

4.30 

2.11 

6.66 

2095 

55-48-F 

37.26 

37.87 

12.24 

12.63 

2.89 

10   808 

58.97 

4.36 

2.15 

6.76 

2096 

55-40-F 

2097 

55-32-F 

2098 

55-48-F 

2090 

110-24-F 

36.99 

39.90 

11.91 

11.20 

3.51 

11   094 

59.90 

|    4.43 

2.18 

6.87 

2091 

165-32-F 

37.15 

38.87 

13.28 

10.70 

1      3.99 

10  965      58.80 

1    4.35 

1  2.14 

6.74 
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Table  19. 

Calokific  Value  of  Coal  and   Cinders,   Analysis  of  Front-end 

Gases. 


Test 
No. 


2009 
2010 
2012 
2013 
2014 
2015 
2016 
2017 
2018 
2019 
2020 
2021 
2022 
2023 
2024 
2026 
2027 
2028 
2029 
2030 
2031 
2032 
2033 
2034 
2035 
2037 

2038 
2039 
2040 
2041 
2042 
2043 
2044 
2045 

2072 
2073 
2074 
2075 
2076 
2077 
2078 
2079 
2080 
2081 
2082 
2083 
2084 
2085 
2086 
2087 
2088 
2089 
2092 
2093 
2094 
2095 
2096 
2097 
2098 

2090 
2091 


Laboratory 
Designation 


Calorific  Value,  B.t.u.  per  lb. 


Dry 
Coal 


Combust- 
ible 


Front- 
en^ 
Cinders 


Stack 

Cinders 


Analysis  of  Front-end  Gases 


Ash 


Oxy- 
gen 


Carbon 
Mon- 
oxide 
CO 


CodeItem£a? 


138-16-F 

193-20-F 

138-24-F 

138-32-F 

193-32-F 

193-24-F 

193-16-F 

83-16-F 

83-24-F 

83-32-F 

83-24-F 

83-16-F 

83-32-F 

138-40-F 

55-24-F 

110-16-F 

110-24-F 

55-32-F 

110-32-F 

165-24-F 

83-40-F 

165-32-F 

110-48-F 

193-40-F 

110-40-F 

165-40-F 

55-24-F 
110-32-F 
165-40-F 
110-40-F 
110-24-F 
110-48-F 
110-56-F 
110-16-F 

110-40-F 

110-32-F 

165-32-F 

55-32-F 

220-32-F 

110-24-F 

165-24-F 

220-24-F 

110-16-F 

55-24-F 

165-40-F 

165-16-F 

110-48-F 

55-40-F 

55-24-F 

110-16-F 

220-16-F 

220-40-F 

165-32-F 

165-48-F 

110-56-F 

55-48-F 

55-40-F 

55-32-F 

55-48-F 

110-24-F 
165-32-F 


458 


12  553 
12  433 
12  280 
12  242 
12  184 
12  307 

11  992 

12  422 
12  265 
12  523 
12  302 
12  274 

11  875 

12  311 
12  712 
12  309 
12  688 
12  653 
12  486 
12  757 
11989 
12  242 
12  243 

11  835 

12  329 
12  441 

11  442 

11  734 

12  164 
12  276 
12  273 
12  523 
12  192 

11  885 

12  460 
12  751 
12  575 
12  718 
12  519 
12  633 
12  517 
12  767 
12  848 
12  700 
12  626 
12  660 
12  305 
12  622 
12  586 
12  272 
12  095 
12  356 
12  620 
12  551 
12  426 
12  315 


12  594 
12  626 


459 


14  360 
14  305 
14  306 
14  252 
14  310 
14  291 
14  304 
14  384 
14  316 
14  307 
14  083 
14  144 
14  021 
14  298 
14  541 
14  339 
14  596 
14  539 
14  591 
14  494 
14  096 
14  386 
14  331 
14  139 
14  359 
14  479 

14  134 
14  098 
14  389 
14  348 
14  403 
14  558 
14  400 
14  302 

14  472 
14  480 
14  520 
14  414 
14  358 
14  502 
14  364 
14  416 
14  448 
14  398 
14  287 
14  531 
14  408 
14  421 
14  513 
14  220 
14  418 
14  431 
14  368 
14  429 
14  292 
14  385 


14  429 
14  423 


Carbon 

Di- 
oxide 

CO. 


Nitro- 
gen 
Na 


461 

7796 

462 

6685 

463 

466 

467 

468 

5069 

10.9 

0.0 

8.1 

5544 

8947 

4587 

13.7 

0.0 

6.0 

6242 

8042 

4515 

13.7 

0.0 

5.7 

5312 

8779 

4785 

13.5 

0.1 

6.0 

5611 

9704 

4046 

11.4 

0.0 

7.4 

2586 

9438 

5297 

11.9 

0.0 

7.3 

6104 

8359 

4844 

12.1 

0.0 

7.1 

4821 

6112 

4624 

11.3 

0.1 

8.0 

6155 

7515 

4134 

11.0 

0.2 

8.3 

6523 

8218 

3272 

10.3 

0.2 

8.9 

5342 

6850 

6528 

10.7 

0.0 

8.7 

6573 

7659 

5267 

11.8 

0.0 

7.7 

3907 

9492 

3850 

11.8 

0.0 

8.0 

7357 

10341 

4842 

6.6 

0.0 

11.2 

5657 

6459 

4261 

10.9 

0.0 

8.0 

7003 

8311 

6064 

11.6 

0.0 

7.7 

6996 

8274 

4853 

10.8 

0.0 

8.1 

7109 

7864 

4032 

10.4 

0.0 

8.1 

4841 

8914 

5429 

9.5 

0.0 

9.4 

7007 

9867 

5618 

8.9 

0.0 

9.7 

2985 

9677 

4262 

8.2 

0.2 

9.8 

7539 

4922 

6021 

2798 

9888 

4685 

7.6 

0.0 

10.2 

6172 

10324 

5327 

7.0 

0.0 

10.4 

5839 

9698 

5547 

8.5 

0.0 

8.3 

6543 

10098 

5942 

6.0 

0.0 

10.8 

6650 

5772 

6168 

10.0 

0.0 

8.4 

6127 

8557 

4341 

8.1 

0.0 

10.2 

4986 

10227 

5659 

6.7 

0.1 

11.5 

6656 

9634 

5122 

8.1 

0.1 

10.5 

6850 

8425 

5361 

9.3 

0.0 

9.7 

1512 

10046 

4840 

7.0 

0.4 

11.7 

3755 

10654 

4400 

5.5 

0.4 

11.1 

7518 

6890 

4862 

11.5 

0.0 

7.3 

4659 

9926 

3920 

7.4 

0.3 

10.4 

4934 

9485 

5216 

7.7 

0.1 

9.8 

5873 

9780 

4331 

7.4 

0.5 

10.3 

6273 

6914 

4450 

10.7 

0.1 

8.0 

6331 

11014 

4871 

6.8 

0.2 

11.0 

8064 

8289 

7618 

9.1 

0.1 

9.2 

6129 

9454 

4168 

9.2 

0.0 

9.1 

6024 

9867 

5587 

8.1 

0.0 

9.9 

6337 

5522 

4451 

10.7 

0.2 

7.9 

5995 

6097 

4697 

11.5 

0.0 

7.1 

6573 

10548 

4792 

6.3 

0.0 

11.2 

7740 

9157 

5126 

9.5 

0.0 

9.2 

3484 

10655 

4604 

7.0 

0.0 

9.8 

7364 

9496 

4865 

9.4 

0.0 

8  9 

3244 

5777 

4358 

11.0 

0.1 

8.1 

5656 

6711 

4393 

10.1 

0.0 

8.6 

2770 

8456 

4132 

8.7 

0.0 

9.6 

5914 

10926 

3691 

4.3 

0.4 

12.2 

5266 

10165 

5022 

6.0 

0.1 

11.5 

5928 

10295 

6473 

4.7 

0.2 

12.4 

6159 

10447 

5525 

6.0 

0.1 

11.8 

8983 

8508 

4670 

9.4 

0.0 

9.7 

7406 

8440 

5118 

8.9 

0.1 

9.8 

7885 

9831 

5370 

7.2 

0.0 

10.5  1 

469 


81.0 
80.3 
80.7 
80.6 
81.1 
80.8 
80.7 
80.5 
80.6 
80.6 
80.6 
80.5 
80.2 
82.2 
81.1 
80.7 
81.1 
81.5 
81.1 
81.4 
81.8 

82.2 
82.6 
83.2 
83.2 

81.6 
81.7 
81.7 
81.3 
81.0 
80.9 
83.0 
81.2 

81.9 
82.4 
81.8 
81.2 
82.0 
81.7 
81.7 
82.0 
81.2 
81.3 
82.5 
81.3 
83.1 
81.7 
80.8 
81.3 
81.7 
83.1 
82.5 
82.7 
82.1 
80.9 


81.3 
82.3 
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Table  20. 
Water  and  Drawbar  Pull. 


Water 

Weight  of 

Correction 

Water  in 

for  Change 

Delivered 

Boiler  at 

of  Water 

Loss 

Drawbar 

Pull, 

lb. 

Test 

Laboratory 

to 

Start  of 

Level  and 

Loss 

From 

Pre- 

No. 

Designation 

Boiler 

Test  Minus 

Steam 

From 

Boiler 

sumably 

by 

Weight  in 

Pressure 

Boiler, 

Cor- 

Evapo- 

Injectors, 

Boiler  at 

in  Boiler, 

lb. 

rected, 

rated, 
lb. 

lb. 

Close  of 

Start  to 

lb. 

Test, 

Close, 

lb. 

lb. 

Code  Itemg^ 

1   476 

477 

478 

i   481 

487 

2009 

138-16-F 

45  314 

+  294 

+  122 

45  436 

2010 

193-20-F 

28  122 

+  142 

+  147 

28  269 

2012 

138-24-F 

43  727 

+  47 

+  34 

43  761 

10  140 

2013 

138-32-F 

43  335 

+  317 

+  277 

43  612 

12  772 

2014 

193-32-F 

38  210 

-185 

-114 

38  096 

8  823 

2015 

193-24-F 

41  286 

+  140 

+  136 

41  422 

6  469 

2016 

193-16-F 

48  590 

-  94 

-  76 

48  514 

4  320 

2017 

83-16-F 

44  488 

-182 

-149 

44  339 

9  222 

2018 

83-24-F 

47  725 

-279 

-184 

47  542 

13  215 

2019 

83-32-F 

48  834 

-313 

-224 

48  610 

17  522 

2020 

83-24-F 

35  196 

+  94 

+  104 

35  300 

13  072 

2021 

83-16-F 

28  176 

-  50 

-  44 

28  132 

8  931 

2022 

83-32-F 

43  759 

0 

-  18 

43  741 

17  292 

2023 

138-40-F 

52  634 

+  141 

+  165 

52  799 

15  911 

2024 

55-24-F 

30  466 

-144 

-111 

30  355 

14  528 

2026 

110-16-F 

35  634 

+  49 

+  43 

35  677 

7  839 

2027 

110-24-F 

52  496 

+  47 

+  60 

52  556 

11  903 

2028 

55-32-F 

39  512 

+  51 

+  37 

39  549 

20  048 

2029 

110-32-F 

40  044 

+  250 

+  179 

40  223 

15  444 

2030 

165-24-F 

43  818 

+  47 

+  59 

43  876 

8  852 

2031 

83-40-F 

41  688 

+  49 

+  17 

41  704 

20  947 

2032 

165-32-F 

20  484 

+  144 

+  138 

20  622 

11  343 

2033 

110-48-F 

42  984 

+  203 

+  137 

43  121 

18  946 

2034 

193-40-F 

38  656 

+  193 

+  186 

38  842 

10  009 

2035 

110-40-F 

38  650 

+  288 

+  152 

38  802 

17  426 

2037 

165-40-F 

38  911 

-659 

-471 

38  440 

12  756 

2038 

55-24-F 

27  068 

-203 

-129 

26  939 

14  998 

2039 

110-32-F 

41779 

+  51 

+  87 

41  886 

15  477 

2040 

165-40-F 

37  933 

+  152 

+  197 

38  130 

13  869 

2041 

110-40-F 

39  277 

-152 

-   5 

39  272 

18  895 

2042 

110-24-F 

45  085 

+  50 

-  7 

45  078 

12  680 

2043 

110-48-F 

44  973 

+  355 

+  341 

45  314 

21  800 

2044 

110-56-F 

43  838 

+  101 

+260 

44  098 

23  666 

2045 

110-16-F 

37  376 

-  51 

-  37 

37  339 

8  212 

2072 

110-40-F 

33  886 

0 

+  24 

1  33  910 

20  877 

2073 

110-32-F 

37  169 

+  260 

+  203 

37  372 

16  961 

2074 

165-32-F 

34  914 

0 

-  18 

34  896 

13  486 

2075 

55-32-F 

38  781 

-156 

-111 

38  670 

20  483 

2076 

220-32-F 

23  011 

-153 

-109 

22  902 

10  396 

2077 

110-24-F 

40  308 

-106 

-  45 

40  263 

12  512 

2078 

165-24-F 

33  546 

-102 

-  98 

33  448 

10  188 

2079 

220-24-F 

32  074 

-253 

-225 

31  849 

8  270 

2080 

110-16-F 

37  696 

0 

-  10 

37  686 

2081 

55-24-F 

35  815 

0 

0 

35  815 

2082 

165-40-F 

34  198 

0 

+  34 

34  232 

14  783 

2083 

165-16-F 

36  739 

-  50 

-  36 

36  703 

7  078 

2084 

110-48-F 

32  266 

+  260 

+  177 

32  443 

22  403 

2085 

55-40-F 

41  387 

+  102 

+  72 

41  459 

24  833 

2086 

55-24-F 

40  553 

+  51 

+  46 

40  599 

15  532 

2087 

110-16-F 

43  365 

-102 

-  79 

43  286 

8  135 

2088 

220-16-F 

37  413 

0 

+  18 

37  431 

5  568 

2089 

220-40-F 

26  703 

+  102 

+  73 

26  776 

11  831 

2092 

165-32-F 

28  808 

+  360 

+247 

29  055 

13  701 

2093 

165-48-F 

23  767 

+  675 

+  441 

24  208 

17  660 

2094 

110-56-F 

18  810 

+  51 

+  88 

18  898 

25  225 

2095 

55-48-F 

23  813 

0 

-   8 

23  805 

28  922 

2096 

55-40-F 

31  887 

-102 

-  55 

31  832 

24  980 

2097 

55-32-F 

33  084 

+  197 

+  140 

33  224 

20  820 

2098 

55-48-F 

20  353 

+  fiO 

+  62 

20  415 

29  240 

2090 

110-24-F 

21  688 

0 

O 

21  688 

11  477 

2091 

165-32-F 

16  786 

-  51 

-  19 

16  767 

12  024 

100 
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Table  21. 
Events  op  Stroke  from  Indicator  Cards — Cut-off  and  Release. 


Laboratory 

Cut 

Off,  Per  cent  of  Stroke 

Release,  Per  cent  of  Stroke 

Test 

Right 

Side 

Left 

Side 

Right  Side 

Left 

Side 

No. 

Designation 

Head   1  Crank 

Head 

Crank 

Aver- 
age 

Head 

Crank 

Aver- 

Head 

Crank 

age 

End     I 

End 

End 

End 

End 

End 

End 

End 

Code  ItemiSS" 

495 

496 

497 

498 

499 

510 

511 

512 

513 
59.7 

514 

2009 

138-16-F 

14.0 

19.0 

17.4 

17.8 

17.1 

51.1 

57.4 

54.0 

55.6 

2010 

193-20-F 

20.1 

20.6 

18.0 

18.0 

19.2 

55.4 

62.3 

61.0 

61.9 

60.2 

2012 

138-24-F 

24.4 

22.7 

22.4 

23.8 

23.3 

63.9 

66.9 

63.7 

65.9 

65.1 

2013 

138-32-F 

29.6 

33.5 

30.5 

29.7 

30.8 

67.1 

69.6 

67.8 

70.8 

68.8 

2014 

193-32-F 

33.4 

33.1 

29.0 

30.1 

31.4 

67.0 

71.2 

67.3 

68.0 

68.4 

2015 

193-24-F 

22.2 

24.0 

21.8 

22.9 

22.7 

61.1 

64.9 

59.1 

65.8 

62.7 

2016 

193-16-F 

16.1 

17.6 

14.2 

17.8 

16.4 

53.6 

60.8 

55.9 

60.5 

57.7 

2017 

83-16-F 

15.0 

17.1 

16.3 

19.2 

16.9 

49.9 

56.4 

52.4 

57.5 

54.1 

2018 

83-24-F 

20.7 

22.9 

22.7 

23.9 

22.6 

56.4 

63.2 

59.3 

60.3 

59.8 

2019 

83-32-F 

28.3 

32.3 

28.7 

33.2 

30.6 

67.6 

66.7 

65.2 

65.2 

66.2 

2020 

83-24-F 

18.3 

25.5 

21.4 

24.4 

22.4 

57.1 

62.6 

60.4 

61.8 

60.5 

2021 

83-16-F 

12.3 

15.2 

14.3 

17.6 

14.9 

48.9 

54.3 

50.9 

54.6 

52.2 

2022 

83-32-F 

27.0 

31.7 

28.0 

34.5 

30.3 

62.9 

66.8 

66.0 

70.4 

66.5 

2023 

138-40-F 

34.0 

43.1 

39.3 

41.2 

39.4 

72.1 

74.5 

73.2 

74.9 

73.7 

2024 

55-24-F 

2026 

110-16-F 

15.2 

24.3 

18.1 

18.7 

19.1 

52.6 

55.5 

56.1 

59.3 

55.9 

2027 

110-24-F 

22.0 

25.4 

22.6 

27.0 

24.3 

62.3 

64.5 

63.8 

66.9 

64.4 

2028 

55-32-F 

28.6 

32.1 

31.4 

34.8 

31.7 

65.6 

66.7 

68.9 

69.9 

67.8 

2029 

110-32-F 

28.3 

30.9 

30.0 

33.7 

30.7 

69.4 

70.1 

68.3 

72.8 

70.2 

2030 

165-24-F 

20.8 

22.9 

23.3 

26.4 

23.4 

57.8 

65.0 

68.0 

64.8 

63.9 

2031 

83-40-F 

35.9 

40.4 

39.1 

42.4 

39.5 

71.6 

73.9 

73.9 

73.9 

73.3 

2032 

165-32-F 

28.5 

31.4 

27.9 

33.0 

30.2 

65.1 

71.1 

70.8 

72.9 

70.0 

2033 

110-48-F 

37.7 

40.4 

40.8 

43.8 

40.7 

73.9 

76.4 

75.3 

74.9 

75.1 

2034 

193-40-F 

38.3 

44.9 

39.1 

43.4 

41.4 

77.0 

78.2 

78.3 

79.3 

78.2 

2035 

110-40-F 

36.3 

39.6 

41.8 

41.9 

39.9 

73.7 

75.0 

76.4 

75.6 

75.2 

2037 

165-4 0-F 

38.9 

41.6 

36.7 

43.0 

40.1 

74.5 

75.3 

75.7 

77.2 

75.7 

2038 

55-24-F 

2039 

110-32-F 

29.9 

34.9 

31.8 

33.4 

32.5 

65.9 

70.7 

68.8 

70.3 

68.9 

2040 

165-40-F 

41.1 

41.4 

41.9 

41.4 

41.5 

75.2 

76.7 

76.1 

76.8 

76.2 

2041 

110-40-F 

39.6 

42.2 

41.9 

40.8 

41.1 

73.6 

76.9 

75.8 

75.5 

75.5 

2042 

110-24-F 

23.6 

23.5 

27.9 

24.3 

24.8 

59.5 

62.8 

63.5 

63.8 

62.4 

2043 

110-48-F 

47.6 

49.6 

48.0 

48.7 

48.5 

79.5 

79.3 

83.0 

79.5 

80.3 

2044 

110-56-F 

56.2 

56.9 

60.5 

56.5 

57.5 

81.6 

82.2 

86.3 

81.2 

71.8 

2045 

110-16-F 

18.4 

16.8 

23.5 

18.2 

19.2 

52.0 

55.5 

56.5 

55.6 

54.9 

2072 

110-40-F 

41.5 

41.5 

41.8 

41.0 

41.5 

75.1 

74.8 

75.0 

75.6 

75.1 

2073 

110-32-F 

25.6 

29.8 

31.6 

31.5 

29.6 

73.4 

68.5 

70.4 

69.8 

70.5 

2074 

165-32-F 

20.3 

32.7 

32.5 

29.7 

28.8 

67.7 

70.8 

72.3 

69.5 

70.1 

2075 

55-32-F 

29.9 

33.9 

33.7 

31.0 

32.1 

66.7 

68.5 

70.5 

69.2 

68.7 

2076 

220-32-F 

29.3 

33.3 

31.4 

34.9 

32.2 

68.3 

68.1 

63.2 

67.3 

66.7 

2077 

110-24-F 

21.5 

24.4 

25.5 

24.4 

24.0 

56.1 

61.7 

63.0 

63.1 

61.0 

2078 

165-24-F 

22.0 

24.7 

26.6 

22.8 

24.0 

58.9 

64.6 

64.5 

65.4 

63.4 

2079 

220-24-F 

24.1 

23.6 

22.7 

23.1 

23.4 

69.7 

67.3 

66.8 

63.5 

66.8 

2080 

110-16-F 

15.3 

16.6 

18.9 

16.8 

16.9 

50.6 

53.0 

61.0 

59.3 

56.0 

2081 

55-24-F 

23.1 

24.8 

26.2 

22.4 

24.1 

57.8 

60.1 

62.2 

61.8 

60.5 

2082 

165-40-F 

36.0 

45.3 

41.9 

42.3 

41.4 

74.2 

72.9 

76.9 

75.7 

74.9 

2083 

165-16-F 

16.2 

18.2 

21.8 

17.4 

18.4 

51.4 

57.5 

60.8 

58.7 

57.1 

2084 

110-48-F 

47.9 

49.9 

48.9 

47.0 

48.4 

79.2 

79.8 

80.9 

78.4 

79.6 

2085 

55-40-F 

39.7 

42.0 

43.3 

40.2 

41.3 

70.3 

74.4 

77.6 

74.6 

74.2 

2086 

55-24-F 

22.0 

23.8 

25.7 

22.0 

23.4 

58.5 

61.3 

63.2 

62.3 

61.3 

2087 

110-16-F 

15.9 

15.7 

17.4 

17.4 

16.6 

49.3 

54.0 

56.5 

54.2 

53.5 

2088 

220-16-F 

16.4 

16.9 

14.9 

15.3 

15.9 

59.3 

58.7 

57.4 

56.3 

57.9 

2089 

220-40-F 

41.2 

45.4 

42.0 

45.4 

43.5 

74.5 

77.8 

78.4 

77.4 

77.0 

2092 

165-32-F 

30.1 

31.1 

30.8 

29.5 

30.4 

70.0 

70.2 

70.8 

70.3 

70.3 

2093 

165-48-F 

45.9 

50.5 

48.4 

49.7 

48.6 

78.5 

79.6 

79.7 

77.1 

78.7 

2094 

110-56-F 

55.7 

56.3 

61.1 

54.7 

57.0 

83.1 

84.5 

86.9 

82.5 

84.3 

2095 

55-48-F 

47.8 

50.1 

51.5 

47.5 

49.2 

80.0 

79.8 

81.8 

79.6 

80.3 

2096 

55-40-F 

38.1 

41.3 

43.2 

39.1 

40.4 

73.2 

74.0 

77.6 

74.7 

74.9 

2097 

55-32-F 

30.6 

33.2 

35.0 

30.5 

32.3 

66.4 

69.4 

71.0 

69.0 

69.0 

2098 

55-48-F 

47.7 

50.1 

51.5 

47.2 

49.1 

79.5 

80.2 

82.7 

80.2 

80.7 

2090 

110-24-F 

,    20.9 

22.3 

23.4 

24.6 

22.8 

56.5 

66.1 

64.2 

64.2 

62.8 

2091 

165-32-F 

1    27.5 

34.0 

27.6 

26.0 

28.8 

68.5 

70.5 

71.8 

71.3 

70.5 
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Table  22. 

Events  of  Stroke  and  Pressure  from  Indicator  Cards — Beginning 
of  Compression  and  Initial  Pressure. 


Be 

ginning 

of  Compression, 

Initial  Pressure. 

Per  cent  of 

Stroke 

lb 

.  per  sq.  in. 

Test 
No. 

Laboratory 
Designation 

Right  Side 

Left 

Side 

Aver- 
age 

Right  Side 

Left  Side 

Aver- 

Head 

Crank 

Head 

Crank 

Head  Crank 

Head 

Crank 

age 

End 

End 

End 

End 

1 

1  End   End 

1  End 

End 

Code  Itemjjar 

625 

526 

527 

628 

629 

540 

541 

188.6 

542 

173.0 

643 

186.2 

644 

2009 

138-16-F 

56.0 

58.3 

56.7 

56.2 

56.8 

170.9 

179.7 

2010 

193-20-F 

57.5 

66.8 

71.1 

59.7 

63.8 

150.5 

159.6 

144.5 

162.6 

154.3 

2012 

138-24-F 

50.2 

59.5 

4CS.2 

55.8 

53.4 

166.4 

182.3 

170.8 

180.8 

175.1 

2013 

138-32-F 

47.4 

58.7 

50.4 

49.1 

51.4 

165.0 

177.9 

167.7 

173.1 

170.9 

2014 

193-32-F 

77.5 

76.0 

80.8 

59.1 

73.4 

156.4 

154.3 

166.8 

173.0 

162.5 

2015 

193-24-F 

79.7 

73.9 

78.2 

76.9 

77.2 

159.7 

155.7 

162.9 

160.9 

159.8 

2016 

193-16-F 

64.0 

71.2 

68.5 

67.2 

67.7 

156.1 

163.6 

150.1 

165.1 

158.7 

2017 

83-16-F 

50.4 

58.1 

4y.4 

56.5 

53.6 

177.3 

187.4 

177.1 

181.8 

180.9 

2018 

83-24-F 

43.9 

50.8 

43.3 

53.1 

47.8 

178.8 

179.4 

176.4 

190.2 

181.2 

2019 

83-32-F 

38.2 

42.4 

35.8 

37.6 

38.5 

178.3 

178.6 

176.5 

178.7 

178.0 

2020 

83-24-F 

39.2 

43.6 

39.2 

42.8 

41.2 

175.1 

177.0 

177.6 

180.0 

177.4 

2021 

83-16-F 

46.2 

51.5 

46.1 

51.6 

48.9 

182.9 

182.9 

181.8 

185.5 

183.3 

2022 

83-32-F 

31.2 

42.6 

29.0 

35.5 

34.6 

175.5 

156.6 

178.7 

182.1 

173.2 

2023 

138-40-F 

33.7 

35.8 

30.8 

34.9 

33.8 

168.7 

178.6 

169.9 

178.8 

174.0 

2024 

55-24-F 

2026 

110-16-F 

51.5 

54.6 

51.6 

55.8 

53.4 

191.1 

181.1 

187.5 

175.9 

183.9 

2027 

110-24-F 

44.9 

47.6 

44.6 

44.8 

45.5 

185.4 

174.5 

189.2 

176.2 

181.3 

2028 

55-32-F 

32.1 

35.0 

35.6 

36.6 

34.8 

186.1 

184.7 

192.2 

191.7 

188.7 

2029 

110-32-F 

38.3 

45.1 

35.6 

41.0 

40.0 

181.8 

180.4 

186.8 

192.2 

185.3 

2030 

165-24-F 

43.6 

63.4 

48.3 

53.6 

52.2 

161.3 

171.9 

167.4 

179.7 

170.1 

2031 

83-40-F 

28.7 

32.3 

30.0 

31.9 

30.7 

183.7 

177.9 

187.7 

186.9 

184.1 

2032 

165-32-F 

42.1 

48.4 

77.5 

68.3 

59.1 

185.8 

166.2 

162.6 

166.0 

170.2 

2033 

110-48-F 

29.7 

33.7 

30.5 

34.1 

32.0 

185.6 

178.4 

184.2 

189.3 

184.4 

2034 

193-40-F 

62.0 

70.0 

71.8 

71.6 

68.9 

168.7 

172.9 

179.7 

170.8 

173.0 

2035 

110-40-F 

33.5 

36.7 

30.0 

33.1 

33.3 

178.7 

172.9 

183.3 

187.7 

180.7 

2037 

165-40-F 

61.6 

68.5 

67.4 

66.5 

66.0 

176.7 

161.4 

159.3 

179.8 

169.3 

2038 

55-24-F 

2039 

110-32-F 

41.2 

46.3 

40.0 

39.8 

41.8 

175.0 

194.2 

181.8 

189.6 

185.2 

2040 

165-40-F 

73.9 

75.5 

74.5 

74.6 

74.6 

184.5 

195.7 

192.1 

184.6 

189.2 

2041 

110-40-F 

34.5 

37.3 

36.2 

32.8 

35.2 

175.5 

186.1 

179.6 

183.1 

181.1 

2042 

110-24-F 

46.3 

51.8 

47.2 

46.9 

48.1 

180.9 

176.1 

188.0 

173.9 

179.7 

2043 

110-48-F 

28.2 

30.2 

30.4 

25.7 

28.6 

191.7 

188.2 

181.1 

194.7 

188.9 

2044 

110-56-F 

23.8 

23.3 

25.7 

22.4 

23.8 

180.1 

190.8 

191.4 

187.4 

187.4 

2045 

110-16-F 

54.9 

56.7 

52.8 

53.4 

54.5 

185.9 

181.1 

193.4 

195.9 

189.1 

2072 

110-40-F 

30.5 

30.7 

31.3 

29.3 

30.5 

183.8 

187.4 

185.5 

186.7 

185.9 

2073 

110-32-F 

36.8 

41.4 

37.7 

35.5 

37.9 

184.8 

190.3 

189.7 

190.2 

188.8 

2074 

165-32-F 

43.3 

43.0 

41.2 

44.2 

42.9 

178.9 

173.7 

178.1 

173.9 

176.2 

2075 

55-32-F 

31.5 

36.6 

37.8 

33.2 

34.8 

192.6 

195.7 

193.8 

197.1 

194.8 

2076 

220-32-F 

51.4 

50.5 

47.4 

48.9 

49.6 

182.7 

184.5 

193.1 

186.5 

186.7 

2077 

110-24-F 

48.6 

47.2 

48.5 

47.1 

47.9 

185.5 

193.9 

190.8 

191.1 

190.3 

2078 

165-24-F 

49.5 

51.3 

48.6 

50.4 

50.0 

179.9 

177.5 

168.7 

173.6 

175.0 

2079 

220-24-F 

52.2 

54.7 

52.3 

53.5 

53.2 

185.1 

166.4 

179.6 

186.1 

179.3 

2080 

110-16-F 

54.6 

54.6 

53.1 

52.6 

53.7 

190.3 

178.5 

176.4 

179.2 

181.1 

2081 

55-24-F 

41.3 

45.5 

44.8 

41.8 

43.4 

193.0 

192.8 

190.3 

197.3 

193.4 

2082 

165-40-F 

33.2 

36.4 

34.0 

33.0 

34.2 

191.9 

170.6 

163.6 

171.6 

174.4 

2083 

165-16-F 

51.6 

59.7 

48.5 

54.3 

53.5 

169.8 

182.1 

173.9 

176.9 

175.7 

2084 

110-48-F 

25.7 

24.8 

16.4 

22.8 

24.9 

179.4 

181.8 

179.8 

187.1 

182.0 

2085 

55-40-F 

27.3 

28.1 

29.6 

23.7 

27.2 

189.4 

193.6 

192.9 

194.2 

192.5 

2086 

55-24-F 

39.2 

41.7 

39.8 

37.4 

39.2 

192.7 

192.1 

189.4 

193.4 

191.9 

2087 

110-16-F 

53.1 

51.1 

50.7 

49.1 

51.0 

176.3 

175.3 

174.2 

177.8 

175.9 

2088 

220-16-F 

54.9 

52.5 

52.1 

52.4 

53.0 

136.4 

134.0 

160.9 

159.9 

147.8 

2089 

220-40-F 

44.0 

43.7 

42.9 

41.2 

43.0 

163.2 

162.0 

160.2 

170.8 

164.1 

2092 

165-32-F 

39.1 

41.5 

39.9 

41.3 

40.5 

163.3 

172.5 

162.7 

171.8 

167.6 

2093 

165-48-F 

27.6 

26.2 

25.5 

24.8 

26.0 

165.4 

165.4 

157.2 

166.7 

163.7 

2094 

110-56-F 

19.5 

17.7 

20.7 

15.5 

18.4 

172.4 

171.3 

170.6 

178.9 

173.3 

2095 

55-48-F 

20.4  ! 

22.0 

22.5  J 

19.2 

21.0 

187.3 

189.9 

187.9 

190.7 

189.0 

2096 

55-40-F  i 

25.1 

27.1 

27.8 

23.6 

25.9 

187.8 

187.9 

189.1 

190.2 

188.8 

2097 

55-32-F 

30.4 

33.6 

34.3 

29.9 

32.1 

192.9 

191.9 

192.4 

192.4 

192.4 

2098 

55-48-F 

21.6 

22.0 

23.3 

19.5 

21.6 

188.7 

191.4 

191.8 

192.9 

191.2 

2090 

110-24-F 

44.4 

46.1 

41.4 

42.6 

43.6 

184.7 

172.4 

171.2 

173.4 

175.4 

2091  1 

165-32-F  1 

39.4 

43.0 

36.1 

39.6 

39.5 

164.4 

174.1 

165.4 

175.5  ' 

169.9 
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Table  23. 
Pressure  from  Indicator  Cards — Cut-off  and  Release. 


Laboratory 

Pressure  at  Cut-Off,  lb.  per  sq.  in. 

Pressure  at  Release, 

lb.  per  sq.  in. 

Test 

Right 

Side 

Left  Side 

Right  Side 

Left 

Side 

No. 

Designation 

Aver- 

Aver- 

Head 1 

Crank 

Headl  Crank  ! 

age 

Head 

Crank 

Head  1 

Crank 

age 

End  1 

End 

End  I  End 

i 

End 

End 

End 

End 

Code  Etem£^j 

566  | 

567 

129.7 

568 
130.6 

569 

570 

581 

582 

583 

46.4 

584 

585 

2009 

138-16-F 

146.6 

132.0 

134.7 

44.0 

45.7 

42.8 

44.7 

2010 

193-20-F  j 

108.5 

129.0 

119.5 

131.0 

122.0 

40.5 

45.5 

39.5 

43.5 

42.3 

2012 

138-24-F  ! 

130.7 

138.0 

131.3 

136.8 

134.2 

45.6 

54.0 

48.4 

53.4 

50.4 

2013 

138-32-F  ! 

123.8 

134.6 

121S.0 

139.4 

130.0 

52.9 

64.9 

55.3 

63.3 

59.1 

2014 

193-32-F 

101.3 

123.5 

114.0 

125.0 

.116.0 

49.3 

57.8 

48.2 

57.0 

53.1 

2015 

193-24-F 

114.8 

123.6  ; 

114.0 

131.8 

121.1 

42.8 

49.4 

47.2 

49.1 

47.1 

2016 

193-16-F 

113.9 

133.0  j 

114.6 

132.0 

123.4 

38.8 

41.3 

34.8 

42.2 

39.3 

2017 

83-16-F 

152.0 

162.7  ! 

146. U 

155.3 

154.0 

51.7 

55.5 

52.6 

54.5 

53.6 

2018 

83-24-F 

148.0 

157.7  J 

142.0 

156.7 

151.1 

57.9 

60.5 

59.1 

66.4 

61.0 

2019 

83-32-F 

150.3 

158.0 

145.9 

155.1 

152.3 

58.9 

75.0 

66.6 

79.6 

70.0 

2020 

83-24-F 

156.2 

147.3 

154.1 

155.6 

153.3 

58.0 

61.6 

60.8 

66.4 

61.7 

2021 

83-16-F 

162.0 

168.9 

164.5 

167.0 

165.6 

51.1 

56.3 

52.6 

61.7 

56.7 

2022 

83-32-F 

149.1 

129.2 

151.4 

154.7 

146.1 

65.6 

66.0 

70.2 

77.7 

69.9 

2023 

138-40-F 

136.9 

133.6 

121.1 

146.2 

134.5 

65.7 

76.8 

66.3 

81.3 

72.5 

2024 

55-24-F 

2026 

110-16-F 

145.6 

123.6 

133.2 

151.6 

138.4 

45.1 

54.7 

45.1 

51.6 

49.1 

2027 

110-24-F 

139.7 

146.8 

143.9 

144.3 

143.7 

49.0 

58.1 

51.1 

57.3 

53.9 

2028 

55-32-F 

154.9 

165.3 

161.7 

167.3 

162.3 

67.4 

80.1 

72.2 

81.7 

75.4 

2029 

110-32-F 

135.3 

150.7 

143.7 

154.5 

141.1 

52.0 

67.9 

62.7 

74.0 

64.2 

2030 

165-24-F 

122.0 

139.7 

129.1 

136.4 

131.8 

48.4 

56.1 

43.4 

61.2 

52.3 

2031 

83-40-F 

149.0 

150.5 

149.5 

154.6 

150.9 

72.5 

80.5 

77.0 

85.8 

79.0 

2032 

165-32-F 

126.2 

131.8 

133.0 

134.7 

131.4 

56.4 

62.5 

52.6 

61.8 

58.3 

2033 

110-48-F 

139.7 

146.0 

141.0 

145.6 

143.1 

70.0 

75.3 

75.3 

82.3 

75.7 

2034 

193-40-F 

111.5 

112.2 

111.1 

123.4 

114.5 

51.8 

62.1 

53.1 

64.1 

57.8 

2035 

110-40-F 

139.5 

141.4 

133.9 

148.2 

140.8 

66.1 

74.7 

71.0 

80.3 

73.0 

2037 

165-40-F 

117.9 

124.2 

125.3 

132.2 

124.9 

58.2 

69.5 

60.5 

72.1 

65.1 

2038 

55-24-F 

2039 

110-32-F 

135.4 

152.6 

139.7 

150.3 

146.8 

60.8 

73.2 

62.4 

70.6 

66.8 

2040 

165-40-F 

119.7 

134.9 

120.3 

127.4 

125.6 

63.7 

71.2 

63.6 

66.8 

66.3 

2041 

110-40-F 

136.3 

150.8 

141.0 

149.7 

144.5 

71.6 

80.3 

75.3 

78.0 

76.3 

2042 

110-24-F 

140.7 

158.6 

135.7 

149.6 

146.2 

55.5 

62.6 

56.7 

56.5 

57.8 

2043 

110-48-F 

146.5 

156.1 

149.8 

153.0 

151.4 

85.1 

94.5 

83.8 

91.9 

88.8 

2044 

110-56-F 

144.8 

154.4 

139.5 

152.8 

147.9 

96.8 

103.9 

92.8 

105.9 

99.9 

2045 

110-16-F 

136.5 

164.1 

121.3 

146.7 

142.2 

47.4 

54.4 

47.4 

51.6 

50.2 

2072 

110-40-F 

139.2 

149.1 

145.2 

149.4 

145.7 

73.1 

80.9 

79.4 

79.7 

78.3 

2073 

110-32-F 

155.4 

157.7 

149.4 

148.1 

152.7 

51.6 

70.9 

68.1 

67.1 

64.2 

2074 

165-32-F 

153.4 

135.2 

129.1 

139.7 

139.4 

56.8 

63.5 

56.2 

62.4 

59.7 

2075 

55-32-F 

166.3 

167.0 

166.1 

163.8 

165.8 

77.1 

79.9 

79.8 

75.4 

78.1 

2076 

220-32-F 

116.7 

117.4 

113.2 

116.2 

115.9 

51.1 

58.8 

55.5 

57.5 

55.7 

2077 

110-24-F 

142.3 

148.9 

142.3 

145.7 

144.8 

57.4 

59.5 

57.1 

58.4 

58.1 

2078 

165-24-F 

135.2 

139.0 

125.8 

135.9 

134.0 

51.7 

56.0 

50.5 

51.1 

52.3 

2079 

220-24-F 

112.9 

121.6 

124.3 

119.9 

119.7 

36.0 

47.3 

44.5 

43.7 

42.9 

2080 

110-16-F 

147.9 

161.2 

146.3 

148.8 

151.1 

48.9 

54.1 

45.2 

43.3 

47.9 

2081 

55-24-F 

163.2 

169.9 

164.6 

170.6 

167.1 

68.8 

70.5 

72.0 

65.1 

69.1 

2082 

165-40-F 

134.3 

124.3 

123.6 

124.8 

126.8 

64.1 

76.3 

64.3 

68.6 

68.3 

2083 

165-16-F 

139.3 

142.1 

129.1 

132.7 

135.8 

46.2 

47.0 

43.2 

41.5 

44.5 

2084 

110-48-F 

139.1 

147.6 

145.8 

149.1 

145.4 

83.8 

88.6 

85.6 

87.1 

86.3 

2085 

55-40-F 

162.1 

169.1 

164.4 

165.0 

165.2 

91.4 

90.5 

90.6 

85.3 

89.5 

2086 

55-24-F 

167.3 

173.7 

167.2 

175.4 

170.9 

67.4 

68.2 

72.0 

65.3 

68.2 

2087 

110-16-F 

145.9 

164.8 

152.6 

147.8 

152.8 

50.9 

53.4 

49.6 

51.6 

51.4 

2088 

220-16-F 

99.6 

108.0 

126.6 

130.4 

116.2 

25.5 

32.6 

34.3 

35.2 

31.9 

2089 

220-40-F 

107.3 

112.0 

107.8 

108.2 

108.8 

57.7 

63.1 

54.5 

60.6 

59.0 

2092 

165-32-F 

128.3 

138.9 

132.7 

139.8 

134.9 

52.4 

63.6 

57.7 

59.3 

58.3 

2093 

165-48-F 

128.5 

131.7 

127.2 

129.8 

129.3 

73.9 

82.5 

75.4 

81.7 

78.4 

2094 

110-56-F 

148.6 

154.6 

144.9 

156.4 

151.1 

98.9 

99.9 

98.1 

102.8 

99.9 

2095 

55-48-F 

170.2 

170.6 

169.3 

171.3 

170.4 

101.0 

102.7 

105.2 

101.2 

102.5 

2096 

55-40-F 

169.9 

171.0 

168.2 

172.6 

170.4 

90.8 

93.4 

92.7 

89.9 

91.7 

2097 

55-32-F 

165.4 

171.4 

165.9 

172.9 

168.9 

81.2 

81.0 

83.2 

78.2 

80.9 

2098 

55-48-F 

168.9 

176.5 

171.9 

175.5 

173.2 

100.5 

105.2 

106.1 

100.6 

103.1 

2090 

110-24-F 

145.1 

155.8 

151.2 

143.4 

148.9 

55.8 

53.4 

54.4 

55.0 

54.7 

2091 

165-32-F 

133.8 

129.8 

143.4 

147.9 

138.7 

54.2 

63.9 

56.7 

58.8 

58.4 
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Table  24. 

Pressure  from  Indicator  Cards — Beginning  of  Compression  and 

Least  Back  Pressure. 


Pressure  at  Begin 

ning  of  Com- 

Least 

Back  Pressure 

pression, 

lb.    per   sq.    in. 

lb 

.  per  sq.  in. 

Test 

No. 

Laboratory 
Designation 

Right  Side 
Head    |  Crank 

Left  Side 

Aver- 
age 

Right  Side 
Head  Crank 

Left 
Head 

Side 
Crank 

Aver- 

Head 

Crank 

age 

End 

End 

End 

1    End 

i  End 

1   End 

End 

1   End 

Codeltem&Jr 

596 

1     697 

i   598 

599 

600 

611 

i    612 

I    613 

614 

615 

2009 

138-16-F 

7.2 

9.3 

10.9 

9.1 

9.1 

'     3.9 

3.8 

7.0 

6.4 

5.3 

2010 

193-20-F 

10.4 

11.5 

9.0 

13.3 

11.1 

7.3 

7.6 

9.0 

9.0 

8.2 

2012 

138-24-F 

11.5 

12.2 

!  14.0 

10.4 

12.0 

7.0 

7.8 

7.8 

8.2 

7.7 

2013 

138-32-F 

15.0 

16.8 

16.4 

16.0 

16.1 

9.8 

12.7 

10.4 

13.4 

11.6 

2014 

193-32-F 

15.8 

17.5 

16.8 

17.3 

16.9 

15.4 

17.9 

16.6 

18.3 

17.1 

2015 

193-24-F 

11.6 

13.0 

13.8 

13.3 

12.9 

10.2 

13.5 

11.3 

13.4 

12.1 

2016 

193-16-F 

9.2 

8.8 

10.5 

10.8 

9.8 

6.3 

6.7 

5.8 

6.9 

6.4 

2017 

83-16-F 

2.8 

4.6 

4.1 

3.1 

3.7 

2.7 

2.1 

2.4 

3.2 

2.6 

2018 

83-24-F 

4.5 

6.6 

5.9 

4.8 

5.5 

4.6 

3.4 

3.1 

4.7 

4.0 

2019 

83-32-F 

7.1 

10.6 

9.1 

8.0 

8.7 

4.5 

5.6 

5.1 

5.4 

5.2 

2020 

83-24-F 

5.3 

8.0 

9.3 

8.4 

7.8 

3.6 

2.4 

6.6 

7.8 

5.1 

2021 

83-16-F 

4.0 

5.9 

8.8 

5.1 

6.0 

2.2 

6.1 

5.3 

4.4 

2022 

83-32-F 

6.7 

9.4 

13.3 

11.2 

10.2 

4.1 

7.2 

8.2 

9.4 

7.2 

2023 

138-40-F 

22.4 

27.3 

28.2 

28.4 

26.6 

17.1 

18.5 

20.0 

22.3 

19.5 

2024 

55-24-F 

2026 

110-16-F 

5.8 

8.1 

9.6 

5.7 

7.3 

2.3 

2.8 

4.1 

3.2 

3.1 

2027 

110-24-F 

8.2 

11.3 

11.0 

9.4 

10.0 

4.7 

5.9 

6.3 

7.4 

6.1 

2028 

55-32-F 

2.2 

5.5 

5.9 

1.5 

3.8 

2029 

110-32-F 

8.2 

12.7 

16.5 

16.0 

13.4 

8.1 

10.4 

10.0 

13.6 

10.5 

2030 

165-24-F 

13.4 

13.7 

16.6 

20.6 

16.1 

10.5 

12.1 

9.0 

14.2 

11.5 

2031 

83-40-F 

10.5 

11.7 

14.4 

13.4 

12.5 

9.6 

10.0 

10.6 

10.8 

10.3 

2032 

165-32-F 

18.8 

20.0 

16.2 

18.7 

18.4 

2033 

110-48-F 

15.4 

19.9 

21.4 

18.8 

18.9 

13.8 

15.3 

16.9 

14.6 

15.2 

2034 

193-40-F 

21.6 

23.8 

24.7 

26.7 

24.2 

22.8 

24.0 

24.1 

25.6 

24.1 

2035 

110-40-F 

14.9 

17.2 

22.1 

18.5 

18.2 

11.9 

15.7 

16.0 

15.0 

14.7 

2037 

165-40-F 

21.1 

22.8 

22.1 

25.1 

22.8 

21.8 

23.4 

22.5 

24.7 

18.1 

-2038 

55-24-F 

2039 

110-32-F 

12.6 

16.8 

15.8 

14.4 

14.9 

8.5 

11.5 

8.4 

11.1 

9.9 

2040 

165-40-F 

24.4 

24.8 

23.8 

23.5 

24.1 

22.5 

24.8 

22.9 

24.7 

23.7 

2041 

110-40-F 

18.5 

21.1 

21.4 

18.0 

19.8 

12.4 

16.0 

14.0 

15.3 

14.4 

2042 

110-24-F 

10.4 

10.7 

11.2 

9.6 

10.5 

5.0 

7.0 

5.4 

6.4 

6.0 

2043 

110-48-F 

23.0 

26.8 

26.8 

25.1 

25.4 

18.5 

22.0 

20.0 

21.4 

20.5 

2044 

110-56-F 

27.9 

30.6 

29.9 

28.7 

29.3 

22.5 

24.9 

22.9 

22.4 

23.2 

2045 

110-16-F 

5.9 

7.2 

7.6 

7.1 

7.0 

3.0 

3.8 

3.1 

3.3 

3.3 

2072 

110-40-F 

12.8 

15.1 

14.9 

13.7 

14.1 

8.3 

10.1 

8.9 

10.0 

9.3 

2073 

110-32-F 

9.1 

10.9 

11.6 

10.0 

10.4 

5.9 

7.1 

5.6 

7.2 

6.5 

2074 

165-32-F 

15.5 

19.5 

20.5 

18.5 

18.5 

11.4 

13.9 

11.3 

13.5 

12.5 

2075 

55-32-F 

4.1 

3.1 

2.1 

2.4 

2.9 

2.2 

1.9 

1.2 

1.6 

1.7 

2076 

220-32-F 

18.3 

21.9 

21.5 

22.5 

21.1 

14.5 

17.9 

14.0 

16.9 

15.8 

2077 

110-24-F 

5.6 

8.5 

6.6 

6.5 

6.8 

3.0 

3.4 

2.8 

3.5 

3.2 

2078 

165-24-F 

10.3 

14.2 

12.5 

12.0 

12.3 

5.1 

8.8 

7.1 

8.4 

7.4 

2079 

220-24-F 

12.3 

15.9 

15.7 

15.3 

14.8 

8.3 

12.0 

8.2 

10.7 

9.8 

2080 

110-16-F 

4.3 

5.6 

5.6 

4.5 

5.0 

2.0 

2.1 

2.0 

2.0 

2.0 

2081 

55-24-F 

2.5 

2.4 

1.9 

2.1 

2.2 

2.0 

0.3 

0.3 

0.3 

0.7 

2082 

165-40-F 

21.6 

24.4 

26.6 

25.1 

24.4 

17.2 

20.0 

17.7 

18.2 

18.3 

2083 

165-16-F 

7.7 

8.9 

11.5 

9.1 

9.3 

3.3 

4.9 

3.3 

4.2 

3.9 

2084 

110-48-F 

15.4 

17.9 

18.4 

17.0 

17.2 

12.6 

13.3 

10.0 

13.0 

12.2 

2085 

55-40-F 

3.5 

4.1 

4.2 

3.8    : 

3.9 

1.5 

1.2 

2.6 

1.9 

1.8 

2086 

55-24-F 

2.7 

2.3 

2.1 

2.8 

2.5 

1.6 

0.4 

0.0 

0.5 

0.6 

2087 

110-16-F 

4.1 

6.2 

6.0 

4.9 

5.3 

2.2 

2.2 

2.2 

2.7 

2.3 

2088 

220-16-F 

7.5 

9.4 

10.4 

11.2 

9.6 

4.8 

7.5 

3.4 

4.7 

5.1 

2089 

220-40-F 

25.2 

30.3 

30.2 

29.7 

28.9 

19.8 

24.5 

20.8 

23.0 

22.0 

2092 

165-32-F 

15.5 

18.0 

18.3 

17.2 

17.3 

9.6 

14.0 

10.8 

12.0 

11.6 

2093 

165-48-F 

28.7 

29.9 

31.7 

29.5 

30.0 

20.4 

24.0 

21.1 

23.0 

22.1 

2094 

110-56-F 

21.9 

22.1 

22.9 

22.3 

22.3 

16.0 

17.1 

16.3 

15.8 

16.3 

2095 

55-48-F 

5.2 

4.1 

4.2 

4.2 

4.4 

2.3 

1.7 

1.1 

2.0 

1.8 

2096 

55-40-F 

6.2 

4.2 

3.8 

2.8 

1.0 

1.4 

1.5 

1.7 

2097 

55-32-F 

5.4 

3.0 

3.8 

3.6 

4.0 

3.1 

1.9 

2.1 

1.2 

2.1 

2098 

55-48-F 

4.6 

4.8 

5.1 

4.0 

4.6 

1.7 

2.0 

2.3 

1.9 

2.0 

2090 

110-24-F 

8.7 

11.5 

11.3 

10.0 

10.4 

5.4 

6.0 

5.0 

5.4 

5.5 

2091   i 

165-32-F 

21.7 

24.4 

26.5 

23.4 

24.0 

14.2 

17.1 

14.7 

16.4 

15.6 
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Table  25. 
Boiler  Performance — Coal  and  Evaporation. 


Test 
No. 


Laboratory 
Designation 


Drv  Coal 
Fired,  lb. 


Per 
Hour 


Per 

Hour 

per 

sq.  ft. 

of 
Grate 

Surface 


Evaporation 


Moist 

Steam 

per 


Per 


H™r>     Hour 


Dry  Steam,  lb. 

"  Per     P 
Hour   I  Per 
per      lb.  of 
sq.  ft.    |  Dry 
of         Coal 
Heating 
Surface, 


Per 
lb.  of 

Coal 

as 

Fired 


Steam 
Used  at 
Calor- 
imeter, 
Safety 
Valve, 
Leaks 
etc., 
lb. 


Dry 

Steam 

to 

Engine 

per 

Hour, 

lb. 


Factor 

of 
Evap- 
oration 


Codeltemfl^i 
138-16-F 

626  | 

627 

633 

634 

635 
5.49 

636: 

637 

638 

639 

641 

2009 

2647 

53.4 

18  174 

18  027 

6.801  6.01 

183 

18  023 

1.192 

2010 

193-20-F 

3834 

77.4 

23  887 

23  668 

7.21 

6.17 

5.44 

39 

23  631 

1.196 

2012 

138-24-F 

3707 

74.8 

23  869 

23  674 

7.21 

6.39 

5.67 

89 

23  632 

1.194 

2013 

138-32-F 

4749 

95.8 

29  076 

28  751 

8.76 

6.05 

5.51 

50 

28  742 

1.190 

2014 

193-32-F  1 

6199 

125.1 

32  648 

32  272 

9.83 

5.21 

4.72 

39 

32  173 

1.189 

2015 

193-24-F 

4927 

99.5 

27  617 

27  363 

8.33 

5.55 

4.95 

50 

27  330 

1.193 

2016 

193-16-F 

3255 

65.7 

20  792 

20  623 

6.28 

6.34 

5.59 

183 

20  538 

1.193 

2017 

83-16-F 

1957 

39.5 

14  778 

14  683 

4.47 

7.50 

6.74 

246 

14  590 

1.186 

2018 

83-24-F  | 

2537 

51.2 

17  828 

17  737 

5.40 

6.99 

6.23 

157 

17  643 

1.195 

2019 

83-32-F 

3215 

64.9 

22  429 

22  288 

6.79 

6.93 

6.20 

150 

22  173 

1.196 

2020 

83-24-F 

2472 

49.9 

17  650 

17  560 

5.35 

7.10 

6.48 

64 

17  523 

1.195 

2021 

83-16-F 

2211 

44.6 

14  066 

14  011 

4.27 

6.34 

5.56 

502 

13  758 

1.204 

2022 

83-32-F 

3673 

74.1 

21  871 

21  801 

6.64 

5.94 

5.32 

64 

21  778 

1.204 

2023 

138-40-F 

6687 

135.0 

35  199 

35  025 

10.67 

5.24 

4.54 

623 

34  594 

1.202 

2024 

55-24-F 

1814 

36.6 

15  178 

15  123 

4.61 

8.34 

7.37 

265 

14  974 

1.203 

2026 

110-16-F 

2293 

46.3 

16  461 

16  341 

4.98 

7.13 

6.22 

71 

16  313 

1.196 

2027 

110-24-F 

3256 

65.7 

21  022 

20  892 

6.36 

6.42 

5.60 

92 

20  850 

1.198 

2028 

55-32-F 

2406 

48.6 

16  950 

16  841 

5.13 

7.00 

6.13 

169 

16  775 

1.188 

2029 

110-32-F 

4242 

85.6 

26  815 

26  629 

8.11 

6.28 

5.50 

52 

26  640 

1.197 

2030 

165-24-F 

4013 

81.0 

26  326 

26  126 

7.96 

6.51 

5.80 

63 

26  081 

1.197 

2031 

83-40-F 

4244 

85.6 

27  804 

27  598 

8.41 

6.50 

5.39 

303 

27  419 

1.197 

2032 

165-32-F 

5352 

108.0 

30  933 

30  627 

9.33 

5.72 

4.98 

105 

30  480 

1.195 

2033 

110-48-F 

5126 

103.5 

32  341 

32  030 

9.76 

6.25 

5.38 

389 

31  791 

1.194 

2034 

193-40-F 

7767 

156.8 

38  841 

38  445 

11.71 

4.95 

4.31 

414 

38  330 

1.194 

2035 

110-40-F 

5565 

112.3 

33  253 

32  856 

10.01 

5.90 

5.05 

38 

32  940 

1.190 

2037 

165-4 0-F 

6554 

132.3 

38  440 

38  056 

11.59 

5.81 

4.99 

102 

37  769 

1.193 

2038 

55-24-F 

2012 

40.6 

14  967 

14  625 

4.45 

7.27 

6.38 

709 

14  199 

1.203 

2039 

110-32-F 

4517 

91.2 

27  927 

27  762 

8.46 

6.15 

5.42 

109 

27  663 

1.201 

2040 

165-40-F 

7482 

151.0 

38  130 

37  901 

11.54 

5.07 

4.45 

70 

37  787 

1.201 

2041 

110-40-F 

5861 

118.3 

33  656 

33  163 

10.10 

5.66 

4.86 

290 

32  794 

1.193 

2042 

110-24-F 

3356 

67.7 

22  539 

22  431 

6.83 

6.68 

5.77 

425 

22  247 

1.204 

2043 

110-48-F 

7403 

149.4 

38  840 

38  468 

11.72 

5.20 

4.50 

314 

38  213 

1.196 

2044 

110-56-F 

8361 

168.7 

44  098 

43  780 

13.34 

5.23 

4.55 

242 

43  382 

1.201 

2045 

110-16-F 

2427 

49.0 

17  228 

17  151 

5.22 

7.07 

6.13 

388 

16  968 

1.201 

2072 

110-40-F 

5927 

119.6 

33  910 

33  656 

10.25 

5.68 

4.95 

78 

33  554 

1.197 

2073 

110-32-F 

4359 

87.9 

28  029 

27  866 

8.49 

6.39 

5.54 

238 

27  731 

1.203 

2074 

165-32-F 

6015 

121.3 

34  896 

34  551 

10.52 

5.74 

5.11 

216 

34  354 

1.195 

2075 

55-32-F 

2327 

47.0 

16  574 

16  523 

5.03 

7.10 

6.18 

171 

16  431 

1.204 

2076 

220-32-F 

7831 

158.0 

39  261 

38  820 

11.82 

4.96 

4.20 

82 

38  608 

1.193 

2077 

110-24-F 

3281 

66.2 

21  959 

21  878 

6.64 

6.67 

5.82 

141 

21  770 

1.203 

2078 

165-24-F 

4707 

95.0 

28  668 

28  493 

8.68 

6.05 

5.25 

101 

28  404 

1.201 

2079 

220-24-F 

5783 

116.7 

31  849 

31  597 

9.62 

5.46 

4.99 

224 

31  347 

1.198 

2080 

110-16-F 

2422 

48.9 

17  392 

17  336 

5.28 

7.16 

6.23 

214 

17  244 

1.203 

2081 

55-24-F 

1975 

39.9 

14  326 

14  289 

4.35 

7.24 

6.39 

211 

14  205 

1.206 

2082 

165-40-F 

8994 

181.5 

41  078 

40  738 

12.41 

4.53 

3.99 

60 

40  625 

1.193 

2083 

165-16-F 

3338 

67.4 

22  022 

21  918 

6.68 

6.57 

5.66 

425 

21  656 

1.201 

2084 

110-48-F 

7914 

159.7 

38  932 

38  646 

11.77 

4.88 

4.24 

60 

38  671 

1.205 

2085 

55-40-F 

3058 

61.7 

20  730 

20  674 

6.30 

6.76 

5.91 

146 

20  616 

1.219 

2086 

55-24-F 

2068 

41.7 

14  329 

14  290 

4.35 

6.91 

6.08 

213 

14  219 

1.208 

2087 

110-16-F 

2474 

49.9 

17  314 

17  259 

5.26 

6.98 

6.16 

189 

17  175 

1.204 

2088 

220-16-F 

3353 

67.7 

22  459 

22  328 

6.80 

6.66 

5.77 

142 

22  233 

1.202 

2089 

220-40-F 

11127 

224.5 

45  902 

45  521 

13.87 

4.09 

3.59 

42 

45  498 

1.198 

2092 

165-32-F 

5640 

113.8 

34  866 

34  601 

10.54 

6.13 

5.25 

64 

34  660 

1.198 

2093 

165-48-F 

10216 

206.2 

48  416 

47  994 

14.62 

4.70 

4.04 

36 

48  387 

1.197 

2094 

110-56-F 

8434 

170.2 

45  355 

44  988 

13.71 

5.33 

4.58 

80 

44  709 

1.198 

2095 

55-48-F 

3334 

67.3 

23  805 

23  707 

7.22 

7.11 

6.24 

73 

23  643 

1.202 

2096 

55-40-F 

21  222 

21  057 

6.41 

285 

20  837 

1.196 

2097 

55-32-F 

18  124 

17  933 

5.46 

291 

17  807 

1.196 

2098 

55-48-F 

24  498 

24  216 

7.38 

303 

23  843 

1.194 

2090 

110-24-F 

3176 

64.1 

21  688 

21  614 

6.58 

6.80 

6.00 

73 

21  542 

1.203 

2091 

165-32-F 

5252 

106.0 

33  534  33  320 

10.15 

6.34 

5.50 

39 

33  178 

1.200 
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Table  26. 
Boiler  Performance — Equivalent  Evaporation,  Horse  Power,  and 

Efficiency. 


Test 
No. 


Laboratory 
Designation 


Dry 

Steam 

Loss 

per 
Hour 
Due  to 

Calor- 
imeter, 
Leaks, 

Cor- 
rections 

etc., 
lb. 


Dry 
Coal 
Loss 
per 
Hour 
Equiv- 
alent 

to 

Steam 

Loss, 

lb. 


Equivalent   Evaporation   From   and   at 
212°F.,   lb. 


Per 
Hour 


2009 
2010 
2  112 
2013 
2014 
2015 
2016 
2017 
2018 
2019 
2020 
2021 
2022 
2023 
2024 
2026 
2027 
2028 
2029 
2030 
2031 
2032 
2033 
2034 
2035 
2037 

2038 
2039 
2040 
2041 
2042 
2043 
2044 
2045 

2072 
2073 
2074 
2075 
2076 
2077 
2078 
2079 
2080 
20S1 
2082 
2083 
20S4 
2095 
?0«6 
20S7 
20RS 
2089 
2092 
2093 
2094 
2095 
2096 
2097 
2098 


CodeltemiC 


138-16-F 

193-20-F 

138-24-F 

138-32-F 

193-32-F 

193-24-F 

193-16-F 

83-16-F 

83-24-F 

83-32-F 

83-24-F 

83-16-F 

83-32-F 

138-40-F 

55-24-F 

110-16-F 

110-24-F 

55-32-F 

110-32-F 

165-24-F 

83-40-F 

165-32-F 

110-48-F 

193-40-F 

110-40-F 

165-40-F 

55-24-F 
110-32-F 
165-40-F 
110-40-F 
110-24-F 
110-48-F 
110-56-F 
110-16-F 

110-40-F 

110-32-F 

165-32-F 

55-32-F 

220-32-F 

110-24-F 

165-24-F 

220-24-F 

110-16-F 

55-24-F 

165-40-F 

165-16-F 

110-48-F 

55-40-F 

55-24-F 

110-16-F 

220-16-F 

220-40-F 

165-32-F 

165-48-F 

110-56-F 

55-48-F 

55-40-F 

55-32-F 

55-48-F 


2090  110-24-F 

2091  165-32-F 


Per 

Hour 

per 

sq.  ft. 

of 
Total  I 
Beating 
Surface 


642 
4 

643 

1 

645 

21  669 

37 

6 

28  564 

42 

6 

28  514 

9 

1 

34  612 

99 

18 

38  820 

33 

6 

32  958 

85 

14 

24  804 

93 

12 

17  513 

94 

13 

21  326 

115 

16 

26  834 

37 

5 

21  092 

253 

40 

16  934 

123 

4 

26  332 

431 

82 

42  329 

149 

18 

18  258 

28 

4 

19  700 

il 

7 

25  206 

66 

9 

20  143 

-11 

-  2 

32  108 

45 

7 

31  517 

179 

28 

33  281 

147 

26 

36  967 

239 

38 

38  624 

115 

23 

46  380 

-84 

-14 

39  578 

287 

49 

45  859 

426 

59 

17  676 

99 

16 

33  529 

114 

23 

45  802 

369 

65 

40  168 

184 

27 

27  132 

255 

49 

46  472 

398 

76 

52  948 

|  183 

26 

20  704 

1  102 

18 

40  590 

135 

21 

33  719 

197 

34 

41  701 

92 

13 

19  954 

212 

43 

46  838 

108 

16 

26  417 

89 

15 

34  431 

250 

46 

38  155 

92 

13 

20  923 

84 

12 

17  277 

113 

25 

49  007 

262 

40 

26  448 

-25 

-  5 

46  913 

58 

9 

25  270 

71 

10 

17  308 

84 

12 

20  846 

95 

14 

26  995 

23 

6 

54  989 

-59 

-10 

41  770 

-393 

-84 

57  954 

279 

52 

54  336 

64 

9 

28  614 

220 

25  382 

126 

21  676 

373 

29  251 

72 

11 

26  091 

142 

1  23 

40  240 

648 

6.60 

8.71 

8.69 

10.54 

11.83 

10.04 

7.56 

5.33 

6.50 

8.17 

6.42 

5.16 

8.02 

12.89 

5.56 

6.00 

7.68 

6.14 

9.78 

9.60 

10.14 

11.26 

11.77 

14.13 

12.06 

13.97 

5.38 
10.21 
13.95 
12.24 

8.26 
14.16 
16.13 

6.31 

12.36 

10.27 

12.70 

6.08 

14.27 

8.05 

10.49 

11.62 

6.37 

5.26 

14.93 

8.06 

14.29 

7.70 

5.27 

6.35 

8.22 

16.75 

12.72 

17.65 

16.55 

8.72 

7.73 

6.60 

8.91 

7.95 
12.26 


Per 
Hour 

per 
sq.  ft. 

of 
Grate 
Area 


656 


Per 
lb.  of 

Coal 

as 

Fired 


Per 
lb.  of 
Dry 
Coal 


Per 
lb.  of 
Com- 
bust- 
ible 


Boiler 
Horse 
Power 


Effi- 
ciency 

of 

Boiler, 

per 

cent 


437.3 
576.5 
575.4 
698.5 
783.5 
665.2 
500.7 
353.4 
430.4 
541.6 
425.7 
341.8 
531.4 
854.3 
368.5 
397.6 
508.7 
406.5 
648.0 
636.1 
671.7 
746.1 
779.5 
936.0 
798.8 
925.5 

356.7 
676.7 
824.4 
810.7 
547.6 
937.9 
1068.6 
417.9 

819.2 
680.5 
841.6 
402.7 
945.3 
533.1 
694.9 
770.0 
422.3 
348.7 
989.0 
533.8 
946.7 
509.9 
349.3 
420.7 
544.8 
1109.7 
842.9 
1169.5 
1096.5 
577.4 
512.2 
437.4 
590.3 

526.5 
812.0 


657 

658 

7.23 

8.19 

6.57 

7.45 

6.83 

7.69 

6.63 

7.29 

5.68 

6.27 

5.97 

6.69 

6.73 

7.62 

8.05 

8.96 

7.49 

8.41 

7.46 

8.35 

7.79 

8.53 

6.72 

7.66 

6.42 

7.17 

5.49 

6.33 

8.90 

10.07 

7.50 

8.59 

6.76 

7.74 

7.33 

8.37 

6.64 

7.57 

7.00 

7.85 

6.49 

7.84 

6.01 

6.91 

6.49 

7.54 

5.20 

5.97 

6.08 

7.11 

6.01 

7.00 

7.71 

8.79 

6.55 

7.42 

5.38 

6.12 

5.89 

6.85 

6.98 

8.08 

5.43 

6.28 

5.50 

6.33 

7.40 

8.53 

5.97 

6.85 

6.71 

7.74 

6.16 

6.93 

7.47 

8.57 

5.07 

5.98 

7.02 

8.05 

6.34 

7.31 

6.03 

6.60 

7.52 

8.64 

7.73 

8.75 

4.80 

5.45 

6.83 

7.92 

5.15 

5.93 

7.23 

8.26 

7.36 

8.37 

7.44 

8.43 

6.99 

8.05 

4.33 

4.94 

6.34 

7.41 

4.88 

5.67 

5.53 

6.44 

7.53 

8.58 

7.24 

8.22 

6.64 

7.66 

659 


9.36 
8.57 
8.96 
8.48 
7.36 
7.77 
9.09 
10.35 
9.81 
9.54 
9.77 
8.83 
8.46 
7.35 
11.52 
10.01 
8.91 
9.62 
8.84 
8.92 
9.22 
8.11 
8.82 
7.13 
8.28 
8.14 

10.86 
8.90 
7.24 
8.01 
9.49 
7.30 
7.48 

10.27 

7.95 
8.79 
8.01 
9.72 
6.86 
9.24 
8.39 
7.45 
9.72 
9.92 
6.15 
9.09 
6.94 
9.44 
9.65 
9.77 
9.60 
5.77 
8.43 
6.52 
7.41 
10.03 


9.41 

8.74 


660 


666 


628.1 

827.9 

826.5 

1003.3 

1125.2 

955.3 

719.1 

507.6 

618.1 

777.8 

611.4 

490.8 

763.3 

1226.9 

529.2 

571.0 

730.6 

583.9 

930.7 

913.5 

964.7 

1071.5 

1119.5 

1344.4 

1147.2 

1329.3 

512.4 

971.9 
1327.6 
1164.3 

787.0 
1347.0 
1534.7 

600.1 

1176.5 
977.4 

1208.7 
578.4 

1357.6 
765.7 
998.0 

1105.9 
606.5 
500.8 

1420.5 
766.6 

1359.8 
732.5 
501.7 
604.2 
782.5 

1593.9 

1210.7 

1678.8 

1575.0 
829.4 
735.7 
628.3 
847.9 


756.3     63.33 
1166.4     58.76 


63.30 
57.63 
60.80 
57.78 
49.92 
52.84 
61.68 
69.88 
66.49 
64.68 
67.33 
60.56 
58.54 
49.86 
76.87 
67.75 
59.22 
64.21 
58.85 
59.71 
63.43 
54.79 
59.76 
48.95 
55.94 
54.54 

74.51 
61.38 
48.84 
54.18 
63.89 
48.60 
50.38 
69.65 

53.36 
58.92 
53.50 
65.46 
46.41 
61.82 
56.66 
50.18 
65.28 
66.89 
41.87 
60.72 
46.76 
63.54 
64.49 
66.63 
64.58 
38.77 
56.95 
43.82 
50.33 
67.61 
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Table  27. 

Engine  Performance — Mean  Effective  Pressure  and  Number  of 

Expansions. 


Laboratory 

Mean  Effective  Pressure,  lb.  per  sq.  in. 

Number  of  Expansions 

Test 

Right 

Side 

Left  Side 

Aver- 

Right Side 

Left 

Side 

No. 

Designation 

Head 

Crank 

Head 

Crank 

age 

Head 

Crank 

Headl 

Crank 

End 

End 

End 

.    End 

End 

End 

End    | 

End 

Code  Item£T 

674 

676 

676 

677 

678 

697 

698 
2.34 

699 

700 

2009 
2010 
2012 
2013 
2014 
2015 

138-16-F 

32.8 

32.9 

32.9 

37.7 

34.1 

2.51 

2.35 

2.50 

193-20-F 

28.3 

36.9 

29.0 

36.4 

32.6 

2.18 

2.38 

2.55 

2.56 

138-24-F 

45.5 

53.1 

48.0 

53.7 

50.1 

2.15 

2.36 

2.29 

2.24 

138-32-F 

56.8 

65.5 

57.4 

65.9 

61.4 

1.95 

1.84 

1.93 

2.03 

193-32-F 

44.7 

52.2 

41.6 

49.7 

47.1 

1.78 

1.89 

1.99 

1.94 

193-24-F 

33.8 

40.3 

32.8 

40.3 

36.8 

2.21 

2.21 

2.18 

2.30 

2016 

193-16-F 

23.0 

28.4 

21.1 

29.3 

25.5 

2.44 

2.58 

2.74 

2.53 

2017 

83-16-F 

42.9 

46.8 

45.8 

50.8 

46.6 

2.40 

2.47 

2.39 

2.31 

2018 

83-24-F 

59.5 

65.4 

63.7 

69.7 

64.6 

2.17 

2.24 

2.13 

2.07 

2019 

83-32-F 

76.2 

85.1 

79.9 

89.6 

82.7 

2.03 

1.82 

1.95 

1.74 

2020 

83-24-F 

58.2 

63.5 

62.4 

68.6 

63.2 

2.38 

2.05 

2.25 

2.08 

2021 

83-16-F 

42.2 

43.8 

47.3 

52.7 

46.5 

2.65 

2.57 

2.53 

2.34 

2022 

83-32-F 

77.2 

86.7 

80.6 

89.5 

83.5 

1.97 

1.85 

2.01 

1.80 

2023 

138-40-F 

70.2 

76.4 

69.8 

81.3 

74.4 

1.87 

1.59 

1.69 

1.66 

2024 

55-24-F 

69.8 

74.8 

72.5 

78.8 

74.0 

2026 

110-16-F 

36.5 

40.6 

38.1 

48.7 

41.0 

2.49 

1.92 

2.37 

2.41 

2027 

110-24-F 

55.3 

59.3 

57.3 

65.2 

59.3 

2.26 

2.11 

2.28 

2.08 

2028 

55-3 2-F 

88.2 

93.2 

94.2 

103.9 

94.9 

1.96 

1.83 

1.91 

1.78 

2029 

110-32-F 

71.8 

76.6 

73.8 

84.7 

76.7 

2.08 

1.97 

1.96 

1.89 

2030 

165-24-F 

42.4 

47.5 

45.5 

49.4 

46.2 

2.21 

2.29 

2.35 

2.05 

2031 

83-40-F 

91.9 

95.8 

95.3 

104.6 

96.9 

1.78 

1.67 

1.71 

1.60 

2032 

16 5-3 2-F 

53.8 

56.8 

53.6 

62.5 

56.7 

1.95 

1.97 

2.14 

1.93 

2033 

110-48-F 

88.9 

91.6 

88.1 

93.1 

90.4 

1.75 

1.72 

1.68 

1.58 

2034 

193-40-F 

54.7 

56.4 

52.2 

60.6 

56.0 

1.80 

1.61 

1.80 

1.67 

2035 

110-40-F 

83.3 

85.0 

86.8 

93.2 

87.1 

1.81 

1.72 

1.67 

1.65 

2037 

165-4 0-F 

63.1 

65.4 

62.9 

71.2 

65.7 

1.73 

1.66 

1.84 

1.64 

2038 
2039 
2040 
2041 
2042 
2043 
2044 

55-24-F 

66.6 

73.6 

73.1 

80.3 

73.4 

110-32-F 

69.3 

77.0 

71.9 

79.4 

74.4 

1.87 

1.78 

1.87 

1.83 

165-40-F 

61.8 

66.2 

62.1 

68.1 

64.5 

1.65 

1.67 

1.65 

1.68 

110-40-F 

83.3 

90.4 

85.8 

91.1 

87.7 

1.67 

1.65 

1.65 

1.67 

110-24-F 

54.3 

60.7 

60.8 

63.8 

59.9 

2.03 

2.14 

1.92 

2.12 

110-48-F 

97.4 

101.3 

98.3 

102.5 

99.9 

1.54 

1.49 

1.60 

1.52 

110-56-F 

103.0 

107.0 

104.8 

108.7 

105.9 

1.38 

1.37 

1.36 

1.37 

2045 

110-16-F 

37.2 

42.0 

40.3 

45.0 

41.1 

2.13 

2.39 

1.97 

2.28 

2072 

110-40-F 

94.1 

99.3 

96.9 

100.2 

97.6 

1.64 

1.63 

1.63 

1.67 

2073 

110-32-F 

77.4 

81.7 

80.4 

83.6 

80.8 

2.29 

1.95 

1.92 

1.90 

2074 

165-3 2-F 

61.7 

67.8 

61.8 

67.5 

64.7 

2.50 

1.87 

1.92 

1.98 

2075 

5 5-3 2-F 

93.8 

99.9 

101.7 

100.3 

98.9 

1.89 

1.77 

1.83 

1.91 

2076 

2 2 0-3 2-F 

53.0 

53.2 

47.1 

52.6 

51.5 

1.96 

1.79 

1.76 

1.71 

2077 

110-24-F 

56.0 

63.9 

61.9 

67.6 

62.4 

2.05 

2.05 

2.04 

2.09 

2078 

165-24-F 

48.2 

55.6 

50.0 

54.0 

52.0 

2.10 

2.12 

2.02 

2.26 

2079 

220-24-F 

40.9 

43.2 

40.2 

41.8 

41.5 

2.28 

2.26 

2.32 

2.18 

2080 

110-16-F 

38.8 

45.5 

43.5 

47.7 

43.9 

2.32 

2.32 

2.43 

2.53 

2081 

55-24-F 

72.1 

78.1 

80.8 

77.6 

77.1 

2.01 

1.99 

1.98 

2.18 

2082 

165-40-F 

71.7 

78.3 

71.9 

75.9 

74.5 

1.81 

1.49 

1.67 

1.63 

2083 

165-16-F 

33.2 

39.3 

39.0 

37.3 

37.2 

2.28 

2.35 

2.20 

2.45 

2084 

110-48-F 

103.3 

108.1 

103.5 

107.8 

105.7 

1.53 

1.49 

1.54 

1.54 

2085 

55-40-F 

112.7 

120.0 

120.3 

118.1 

117.8 

1.60 

1.61 

1.64 

1.67 

2086 

55-24-F 

71.9 

77.2 

81.1 

78.0 

77.1 

2.09 

2.08 

2.03 

2.22 

2087 

110-16-F 

39.2 

44.5 

43.7 

47.6 

43.7 

2.22 

2.43 

2.40 

2.30 

2088 

220-16-F 

28.0 

27.1 

29.7 

27.5 

28.1 

2.54 

2.50 

2.67 

2.56 

2089 

220-40-F 

57.8 

60.8 

56.2 

60.1 

58.7 

1.63 

1.57 

1.69 

1.57 

2092 

165-32-F 

61.9 

68.0 

63.9 

67.3 

65.3 

1.96 

1.93 

1.97 

2.01 

2093 

165-48-F 

81.1 

86.9 

82.0 

86.6 

84.2 

1.57 

1.47 

1.53 

1.45 

2094 

110-56-F 

115.8 

120.8 

118.5 

121.3 

119.1 

1.41 

1.42 

1.36 

1.42 

2095 

55-48-F 

131.8 

136.7 

136.7 

136.2 

135.4 

1.54 

1.49 

1.49 

1.55 

2096 

55-40-F 

115.1 

121.2 

123.2 

121.3 

120.2 

1.72 

1.63 

1.64 

1.71 

2097 

5 5-3 2-F 

97.0 

103.7 

103.2 

102.2 

101.5 

1.85 

1.82 

1.79 

1.93 

2098 

55-48-F 

133.0 

138.1 

141.3 

137.7 

137.5 

1.54 

1.49 

1.50 

1.57 

2090 

110-24-F 

52.7 

59.1 

59.2 

61.4 

58.1 

2.10 

2.32 

2.20 

2.11 

2091 

165-32-F 

54.2 

60.2 

58.1 

60.9 

58.3 

2.05 

1.81 

2.16 

2.22 
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Table  28. 
Engine  Performance — Indicated  Horse  Power. 


Laboratory 

Indicated  Horse 

Power 

" 

Test 

Right  Side 

Left 

Side 

No. 

Designation 

Total 

Maxi- 

"Head- 

f  Crank 

Head 

Crank 

mum 

End 

1   End 

End 

End 

Code  ltem£^ 
138-16-F 

707 

708 

709 
135.1 

710 

149.7 

711 

721 

2009 

131.9 

128.8 

545.5 

687.5 

2010 

193-20-F 

161.2 

203.4 

167.9 

204.5 

737.0 

902.5 

2012 

138-24-F 

183.9 

207.4 

197.3 

214.2 

802.8 

1023.7 

2013 

138-32-F 

229.6 

256.5 

237.0 

263.2 

986.3 

1224.6 

2014 

193-32-F 

258.4 

292.0 

245.0 

283.6 

1079.0 

1374.9 

2015 

193-24-F 

195.8 

225.9 

193.4 

230.5 

845.6 

1051.3 

2016 

193-16-F 

133.1 

158.9 

124.6 

167.2 

583.8 

774.8 

2017 

83-16-F 

99.3 

104.8 

107.9 

116.1 

428.1 

624.5 

2018 

83-24-F 

137.6 

146.6 

150.3 

159.3 

593.8 

742.0 

2019 

83-32-F 

177.6 

192.1 

189.7 

206.3 

765.7 

948.8 

2020 

83-24-F 

135.4 

143.2 

148.1 

157.7 

584.4 

596.3 

2021 

83-16-F 

97.8 

98.3 

111.7 

120.8 

428.6 

441.7 

2022 

83-32-F 

180.0 

195.9 

191.8 

206.2 

773.9 

797.9 

2023 

138-40-F 

282.4 

297.5 

286.0 

322.8 

1188.7 

1217.6 

2024 

55-24-F 

102.3 

106.2 

108.3 

114.2 

431.0 

450.9 

2026 

110-16-F 

115.5 

124.5 

122.7 

152.3 

515.0 

527.6 

2027 

110-24-F 

175.9 

182.7 

185.7 

204.8 

749.1 

2028 

55-32-F 

128.4 

131.3 

139.7 

149.3 

548.7 

557.6 

2029 

110-32-F 

228.1 

235.8 

238.9 

265.8 

968.6 

974.7 

2030 

165-24-F 

208.0 

225.2 

227.1 

239.3 

899.6 

924.4 

2031 

83-40-F 

226.9 

229.5 

241.1 

256.4 

953.9 

992.4 

2032 

165-32-F 

261.4 

267.3 

265.7 

300.2 

1094.6 

1125.8 

2033 

110-48-F 

282.6 

282.0 

285.4 

292.3 

1142.3 

1155.3 

2034 

193-4 0-F 

314.0 

313.6 

305.3 

343.8 

1276.7 

1299.0 

2035 

110-40-F 

269.4 

266.1 

285.9 

297.7 

1119.1 

1148.6 

2037 

165-40-F 

309.1 

310.1 

313.9 

344.6 

1277.7 

1307.5 

2038 

55-24-F 

97.8 

104.7 

109.4 

116.5 

428.4 

442.6 

2039 

110-32-F 

220.5 

237.1 

233.0 

249.4 

940.0 

967.5 

2040 

165-40-F 

301.4 

312.8 

308.7 

328.1 

1251.0 

1294.3 

2041 

110-40-F 

265.4 

279.3 

278.7 

287.0 

1110.4 

1133.7 

2042 

110-24-F 

172.8 

186.5 

197.0 

197.4 

753.9 

799.9 

2043 

110-48-F 

309.0 

311.3 

318.1 

321.2 

1259.6 

1284.3 

2044 

110-56-F 

326.7 

328.7 

338.7 

340.6 

1334.7 

1391.1 

2045 

110-16-F 

118.2 

129.2 

130.5 

141.2 

519.1 

534.7 

2072 

110-40-F 

299.3 

305.9 

313.8 

314.8 

1233.8 

1253.2 
1047.8 

2073 

110-32-F 

245.8 

251.3 

260.1 

262.1 

1019.3 

2074 

165-32-F 

303.7 

322.9 

309.7 

328.0 

1264.3 

1282.6 

2075 

55-32-F 

137.9 

142.3 

152.7 

145.7 

578.6 

597.2 

13P0.0 

2076 

220-32-F 

353.5 

344.0 

320.0 

346.8 

1364.3 

2077 

110-24-F 

179.9 

198.8 

202.7 

214.3 

795.7 

813.9 

2078 

165-24-F 

236.4 

263.8 

249.5 

261.5 

1011.2 

1023.2 

2079 

220-24-F 

275.4 

281.1 

275.3 

278.1 

1109.9 

1152.3 

2080 

110-16-F 

124.3 

141.3 

142.0 

150.9 

558.5 

576.0 

2081 

55-24-F 

105.9 

111.2 

120.9 

112.5 

450.5 

467.6 

2082 

165-40-F 

353.1 

373.7 

361.1 

369.4 

1457.3 

1484.1 

2083 

165-16-F 

163.9 

188.0 

196.4 

182.1 

730.4 

756.1 

2084 

110-48-F 

331.6 

336.0 

338.5 

341.4 

1347.5 

1366.2 

2085 

55-40-F 

167.2 

172.4 

181.7 

173.0 

694.3 

705.6 

2086 

55-24-F 

106.5 

111.4 

123.2 

114.9 

456.0 

466.4 

2087 

110-16-F 

126.5 

138.9 

143.5 

151.4 

560.3 

574.9 

2088 

220-16-F 

189.5 

177.7 

204.9 

184.0 

756.1 

791.4 

2089 

220-40-F 

386.6 

393.6 

382.6 

397.1 

1559.9 

1588.6 

2092 

165-32-F 

302.2 

321.4 

319.6 

324.1 

1267.3 

1427.0 

2093 

165-48-F 

396.0 

411.5 

408.3 

417.7 

1633.5 

1654.2 

2094 

110-56-F 

372.2 

375.9 

388.3 

385.0 

1521.4 

1570.1 

2095 

55-48-F 

196.2 

197.1 

211.4 

200.2 

804.9 

822.7 

2096 

55-40-F 

172.0 

175.3 

187.4 

178.9  1 

713.6 

733.1 

2097 

55-32-F 

146.7 

152.0 

159.0 

152.8 

610.6 

621.0 

2098 

55-48-F 

200.0 

201.1 

216.6 

204.5 

822.2 

837.5 

2090 
2091 

110-24-F 

169.7 

184.2 

194.2 

195.0  1 

1 
743.1 

757.3 

165-32-F 

266.6 

286.6 

291.0  | 

295.8  1 

1140.0 

1170.8 
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Table  29. 

Engine    Performance — Coal,    Steam,    and    B.t.u.    per    Indicated 

Horse  Power  Hour. 


Test 

Laboratory 
Designation 

Consumed 

per  Indicated 

Horse  Power 

per  Hour 

No. 

Dry  Coal,  lb. 

R.t.u.  in  Coal 

Dry  Steam,  lb.j 

B.t.u.  in  Steam 
Above  32°F. 

Code  Item&2T 
138-16-F 

734 

735 

736 

737 

2009 

4.85 

60  882 

33.06 

2010 

193-20-P 

5.19 

64  527 

32.07 

2012 

138-24-F 

4.61 

56  611 

29.44 

2013 

138-32-F 

4.81 

58  884 

29.14 

2014 

193-32-F 

5.72 

69  692 

29.82 

2015 

193-24-F 

5.82 

71  627 

32.32 

2016 

193-16-F 

5.55 

66  556 

35.18 

2017 

83-16-F 

4.54 

56  396 

34.08 

2018 

83-24-F 

4.25 

52  126 

29.71 

2019 

83-32-F 

4.18 

52  346 

28.96 

2020 

83-24-F 

4.22 

51  914 

29.99 

35  943 

2021 

83-16-F 

5.07 

62  229 

32.10 

38  478 

2022 

83-32-F 

4.75 

56  406 

28.14 

33  723 

2023 

138-40-F 

5.56 

68  449 

29.10 

34  876 

2024 

55-24-F 

4.17 

53  009 

34.74 

41  650 

2026 

110-16-F 

4.44 

54  652 

31.67 

37  969 

2027 

110-24-F 

4.34 

55  066 

27.84 

33  377 

2028 

55-32-F 

4.37 

55  294 

30.57 

36  653 

2029 

110-32-F 

4.38 

55  188 

27.51 

32  984 

2030 

165-24-F 

4.45 

56  769 

28.99 

34  756 

2031 

83-40-F 

4.42 

52  991 

28.75 

34  468 

2032 

165-32-F 

4.87 

59  619 

27.84 

33  365 

2033 

110-48-F 

4.45 

54  481 

27.83 

33  363 

2034 

193-40-F 

6.07 

71  838 

30.02 

35  982 

2035 

110-40-F 

4.99 

61  522 

29.43 

35  278 

2037 

165-40-F 

5.09 

63  325 

29.56 

35  439 

2038 

55-24-F 

4.56 

52  176 

33.14 

39  745 

2039 

110-32-F 

4.79 

56  206 

29.43 

35  287 

2040 

165-40-F 

5.96 

72  497 

30.21 

36  206 

2041 

110-40-F 

5.22 

64  081 

29.54 

35  407 

2042 

110-24-F 

4.42 

54  247 

29.52 

35  391 

2043 

110-48-F 

5.84 

73  134 

30.34 

36  372 

2044 

110-56-F 

6.21 

75  712 

32.50 

38  948 

2045 

110-16-F 

4.63 

55  028 

32.69 

39  195 

2072 

110-40-F 

4.79 

59  683 

27.19 

32  601 

2073 

110-32-F 

4.26 

54  319 

27.20 

32  586 

2074 

165-32-F 

4.73 

59  480 

27.17 

32  574 

2075 

55-32-F 

4.00 

50  872 

28.40 

34  052 

2076 

220-32-F 

5.71 

71  483 

28.30 

33  929 

2077 

110-24-F 

4.10 

51  795 

27.36 

32  788 

2078 

165-24-F 

4.63 

57  954 

28.09 

33  677 

2079 

220-24-F 

5.17 

66  005 

28.25 

33  869 

2080 

110-16-F 

4.31 

55  375 

30.87 

37  016 

2081 

55-24-F 

4.36 

55  372 

31.53 

37  808 

2082 

165-40-F 

6.15 

77  650 

27.88 

33  423 

2083 

165-16-F 

4.52 

57  223 

29.65 

35  553 

2084' 

110-48-F 

5.88 

72  353 

28.69 

34  391 

2085 

55-40-F 

4.39 

55  411 

29.69 

35  598 

2086 

55-24-F 

4.51 

56  763 

31.18 

37  388 

2087 

110-16-F 

4.39 

53  383 

30.65 

36  752 

2088 

220-16-F 

4.42 

53  460 

29.40 

35  251 

2089 

220-40-F 

7.10 

87  728 

29.18 

34  978 

2092 

165-32-F 

4.46 

56  285 

27.34 

32  783 

2093 

165-48-F 

6.31 

79  197 

29.62 

35  500 

2094 

110-56-F 

5.58 

69  337 

29.39 

35  233 

2095 

55-48-F 

4.15 

51  107 

29.37 

35  215 

2096 

55-40-F 

35  005 

2097 

55-32-F 

34  978 

2098 

55-48-F 

34  783 

2090 

110-24-F 

4.26 

53  650 

28.99 

34  762 

2091 

165-32-F 

4.58 

58  080 

29.10 

34  894 
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Table  30. 

General  Performance — Drawbar  Horse  Power  and  Millions  of 

Foot  Pounds  at  Drawbar. 


Test 
No. 


Laboratory 
Designation 


Drawbar 
Horse 
Power 


Consumed  per  D.H.P.  Hour 


Dry 
Coal, 
lb. 


Dry 

Steam, 
lb. 


B.t.u. 


2009 
2010 
2012 
2013 
2014 
2015 
2016 
2017 
2018 
2019 
2020 
2021 
2022 
2023 
2024 
2026 
2027 
2028 
2029 
2030 
2031 
2032 
2033 
2034 
2035 
2037 

2038 
2039 
2040 
2041 
2042 
2043 
2044 
2045 

2072 
2073 
2074 
2075 
2076 
2077 
2078 
2079 
2080 
2081 
2082 
2083 
2084 
2085 
2086 
2087 
2088 
2089 
2092 
2093 
2094 
2095 
2096 
2097 
2098 

2090 
2091 


Codeltemjfcg 


138-16-F 

193-20-F 

138-24-F 

138-32-F 

193-32-F 

193-24-F 

193-16-F 

83-16-F 

83-24-F 

83-32-F 

83-24-F 

83-16-F 

83-32-F 

138-40-F 

55-24-F 

110-16-F 

110-24-F 

55-32-F 

110-32-F 

165-24-F 

83-40-F 

165-32-F 

110-48-F 

193-40-F 

110-40-F 

165-40-F 

55-24-F 
110-32-F 
165-40-F 
110-40-F 
110-24-F 
110-48-F 
110-56-F 
110-16-F 

110-40-F 

110-32-F 

165-32-F 

55-32-F 

220-32-F 

110-24-F 

165-24-F 

220-24-F 

110-16-F 

55-24-F 

165-40-F 

165-16-F 

110-48-F 

55-40-F 

55-24-F 

110-16-F 

220-16-F 

220-40-F 

165-32-F 

165-48-F 

110-56-F 

55-48-F 

55-40-F 

55-32-F 

55-48-F 

110-24-F 
165-32-F 


743 


684.9 
863.7 
853.1 
626.2 
418.2 
357.1 
511.7 
683.1 
508.9 
346.3 
674.6 

1070.5 
355.6 
415.1 
633.6 
488.1 
820.8 
725.8 
869.7 
922.8 

1007.9 
961.7 
942.9 

1045.3 

368.4 

824.2 
1133.6 
1007.7 

674.8 
1158.5 
1257.7 

436.6 

1107.8 
898.3 

1107.3 
501.4 

1157.1 
670.2 
833.8 
928.5 


1214.6 

583.6 

1197.2 

614.5 

386.0 

437.6 

631.3 

1321.6 

1117.6 

1431.6 

1354.1 

718.0 

622.8 

525.2 

732.2 

614.9 
985.6 


744 


5.40 
5.50 
7.25 
7.86 
7.75 
5.45 
4.93 
4.68 
4.85 
6.27 
5.44 
6.16 
5.05 
5.51 
5.13 
4.91 
5.17 
5.52 
4.85 
5.77 
5.05 
8.05 
5.92 
6.22 

5.30 
5.46 
6.58 
5.75 
4.93 
6.35 
6.59 
5.50 

5.33 
4.83 
5.40 
4.62 
6.73 
4.87 
5.62 
6.18 


7.38 
5.65 
6.62 
4.96 
5.33 
5.63 
5.29 
8.38 
5.06 
7.19 
6.27 
4.66 


5.15 
5.31 


745 


34.50 
33.28 
37.71 
43.64 
49.11 
40.85 
34.48 
32.46 
34.46 
39.72 
32.29 
32.31 
42.34 
39.31 
32.92 
34.37 
32.50 
35.95 
31.52 
33.22 
31.54 
39.86 
34.99 
36.09 

38.54 
33.56 
33.33 
32.54 
32.97 
32.98 
34.49 
38.86 

30.28 
30.87 
31.03 
32.76 
33.36 
32.48 
34.06 
33.84 


33.45 
37.10 
32.30 
33.55 
36.83 
39.24 
35.21 
34.42 
31.01 
33.80 
33.02 
32.92 
33.46 
33.91 
32.56 

35.03 
33.66 


746 


66  312 

67  331 
88  334 
96  733 
92  938 
67  700 

60  466 

58  608 

59  665 

76  958 
64  600 
75  836 

64  196 
67  823 

65  089 
62  126 
64  553 
70  419 
58  147 
70  636 

61  827 
95  272 
72  988 

77  383 

60  643 

64  068 
80  039 
70  587 

60  506 

79  521 

80  345 

65  368 

66  412 

61  587 

67  905 
58  757 
84  253 
61  523 
70  346 

78  900 


93  180 
71  529 
81  459 

62  605 
67  083 
69  091 

63  983 
103  543 

63  857 
90  242 
77  911 
57  388 


64  859 
67  044 


Millions 
of  Foot 
Pounds 

at 
Drawbar 
per  Hour 


Per 


Million  Ft.  lb. 
Drawbar 


at 


Dry 

Coal, 

lb. 


Dry 

Steam, 

lb. 


B.t.u. 


750 


1357 

1711 

1689 

1240 

828 

707 

1014 

1353 

1009 

686 

1336 

2120 

706 

822 

1255 

967 

1626 

1438 

1723 

1828 

1996 

1905 

1868 

2070 

730 
1631 
2244 
1995 
1336 
2293 
2490 

865 

2193 
1779 
2193 
993 
2291 
1328 
1651 
1839 


2405 
1156 
2371 
1217 
764 
867 
1250 
2617 
2213 
2835 
2681 
1422 
1234 
1040 
1450 

1218 
1952 


752 

763 

17.4 

2.73 

2.77 

16.8 

3.66 

19.0 

3.97 

22.0 

3.92 

24.8 

2.75 

20.6 

2.49 

17.4 

2.36 

16.4 

2.44 

17.4 

3.16 

20.0 

2.75 

16.3 

3.11 

16.3 

2.54 

21.2 

2.78 

19.8 

2.59 

16.6 

2.48 

17.3 

2.61 

16.4 

2.79 

18.1 

2.45 

15.9 

2.91 

16.7 

2.55 

15.9 

4.07 

20.1 

2.99 

17.6 

3.14 

18.2 

2.68 

19.4 

2.76 

17.0 

3.32 

16.8 

2.91 

16.4 

2.49 

16.7 

3.21 

16.7 

3.33 

17.4 

2.78 

19.6 

2.69 

15.3 

2.44 

15.6 

2.73 

15.7 

2.33 

16.5 

3.40 

16.9 

2.46 

16.4 

2.84 

17.1 

3.12 

17.0 

3.73 

16.9 

2.85 

18.7 

3.34 

16.3 

2.51 

16.9 

2.69 

18.6 

2.84 

19.8 

2.67 

17.8 

4.25 

17.4 

2.55 

15.7 

3.63 

17.1 

3.17 

16.7 

2.35 

16.6 

16.9 

17.1 

16.4 

2.60 

17.7 

2.68 

17.0 

754 


33  524 

33  910 
44  593 
48  859 

47  009 

34  161 
30  540 

29  554 

30  017 
38  786 
32  656 

38  287 
32  288 

34  219 
32  862 

31  379 

32  588 

35  592 

29  373 

35  624 
31220 

48  168 

36  864 

39  065 

30  665 

32  386 

40  384 
35  723 

30  560 
40  199 
40  599 

33  040 

33  517 

31  112 

34  330 
29  633 
42  565 
31  077 

35  548 
39  833 


47  095 
36  081 
41  099 

31  681 

33  856 

34  852 

32  294 
52  513 
32  181 
45  560 
39  390 
28  940 


32  744 

33  838 


no 
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Table  31. 

General  Performance — Indicated  Horse  Power,  Drawbar  Horse 

Power,  and  Tractive  Force. 


Indicated    Horse  Power 

Drawbar    Horse    Power 

Tractive 

Laboratory 

Per  ~ 

Per 

Force 

Test 

Per 

Per 

Based 

No. 

Designation 

sq.  ft.  of 

sq.  ft.  of 

sq.  ft.  of 

sq.  ft.  of 

on 

Heating 

Grate 

Heating 

Grate 

M.E.P., 

Surface 

Surface 

Surface 

Surface 

lb. 

CodeltemjS^ 
138-16-F 

765 
0.17 

766 

757         | 

758 

764 

2009 

11.01 

8  096 

2010 

19B-20-F 

0.22 

14.89 

7  745 

2012 

138-24-F 

0.24 

16.23 

0.21 

13.84 

11  876 

2013 

138-32-F 

0.30 

19.91 

0.26 

17.43 

14  581 

2014 

193-32-F 

0.33 

21.84 

0.26 

17.27 

11  153 

2015 

193-24-F 

0.26 

17.09 

0.19 

12.65 

8  736 

2016 

193-16-F 

0.18 

11.83 

0.13 

8.48 

6  031 

2017 

83-16-F 

0.13 

8.69 

0.11 

7.25 

11  050 

2018 

83-24-F 

0.18 

12.04 

0.16 

10.39 

15  325 

2019 

83-32-F 

0.23 

15.53 

0.21 

13.86 

19  621 

2020 

83-24-F 

0.18 

11.81 

0.16 

10.29 

14  994 

2021 

83-16-F 

0.13 

8.81 

0.11 

7.12 

11  050 

2022 

83-32-F 

0.24 

15.64 

0.21 

13.62 

19  827 

2023 

138-40-F 

0.37 

24.29 

0.33 

21.87 

17  659 

2024 

55-24-F 

0.13 

8.79 

0.11 

7.25 

17  555 

2026 

110-16-F 

0.16 

10.41 

0.13 

8.39 

9  728 

2027 

110-24-F 

0.23 

15.15 

0.19 

12.82 

14  065 

2028 

55-32-F 

0.17 

11.11 

0.15 

9.89 

22  533 

2029 

110-32-F 

0.29 

19.54 

0.25 

16.56 

18  216 

2030 

165-24-F 

0.27 

18.19 

0.22 

14.67 

10  967 

2031 

83-40-F 

0.29 

19.38 

0.27 

17.66 

22  967 

2032 

165-32-F 

0.34 

22.20 

0.28 

18.71 

13  445 

2033 

110-48-F 

0.35 

23.22 

0.31 

20.49 

21459 

2034 

193-40-F 

0.39 

25.85 

0.29 

19.47 

13  280 

2035 

110-40-F 

0.34 

22.53 

0.29 

18.98 

20  674 

2037 

165-40-F 

0.39 

25.99 

0.32 

21.26 

15  593 

2038 

55-24-F 

0.13 

8.91 

0.12 

7.66 

17  431 

2039 

110-32-F 

0.29 

19.04 

0.25 

16.69 

17  659 

2040 

165-40-F 

0.38 

25.33 

0.35 

22.95 

15  304 

2041 

110-40-F 

0.34 

22.65 

0.31 

20.57 

20  819 

2042 

110-24-F 

0.23. 

15.33 

0.21 

13.73 

14  148 

2043 

110-48-F 

0.39 

25.59 

0.36 

23.54 

23  710 

2044 

110-56-F 

0.41 

27.22 

0.39 

25.63 

25  115 

2045 

110-16-F 

0.16 

10.59 

0.13 

8.91 

9  769 

2072 

110-40-F 

0.38 

24.97 

0.34 

22.43 

23  256 

2073 

110-32-F 

0.31 

20.67 

0.27 

18.22 

19  249 

2074 

165-32-F 

0.39 

25.67 

0.34 

22.48 

15  387 

2075 

55-32-F 

0.18 

11.75 

0.15 

10.18 

23  627 

2076 

220-32-F 

0.42 

27.68 

0.35 

23.48 

12  247 

2077 

110-24-F 

0.24 

16.14 

0.21 

13.60 

14  850 

2078 

165-24-F 

0.31 

20.47 

0.25 

16.88 

12  351 

2079 

220-24-F 

0.34 

22.58 

0.29 

18.89 

9  893 

2080 

110-16-F 

0.17 

11.33 

10  451 

2081 

55-24-F 

0.14 

9.14 

18  382 

2082 

165-40-F 

0.45 

29.49 

0.37 

24.58 

17  741 

2083 

165-16-F 

0.23 

14.92 

0.18 

11.92 

8  860 

2084 

110-48-F 

0.41 

27.19 

0.36 

24.16 

25  218 

2085 

55-40-F 

0.21 

14.05 

0.19 

12.43 

28  047 

2086 

55-24-F 

0.14 

9.25 

0.12 

7.83 

18  361 

2087 

110-16-F 

0.17 

11.37 

0.13 

8.87 

10  409 

2088 

220-16-F 

0.23 

15.33 

0.19 

12.79 

6  671 

2089 

220-40-F 

0.48 

31.50 

0.40 

26.68 

13  962 

2092 

165-32-F 

0.39 

25.53 

0.34 

22.51 

15  531 

2093 

165-48-F 

0.49 

32.69 

0.43 

28.66 

20  158 

2094 

110-56-F 

0.47 

30.89 

0.42 

27.50 

28  336 

2095 

55-48-F 

0.25 

16.28 

0.22 

14.53 

32  426 

2096 

55-40-F 

0.22 

14.55 

0.19 

12.70 

•  28  605.  . 

2097 

55-32-F 

0.19 

12.41 

0.16 

10.68 

24  205 

2098 

55-48-F 

0.25 

16.85 

0.23 

15.01 

32  818 

2090 

110-24-F 

0.23 

15.05 

0.19 

12.45 

13  879 

2091 

165-32-F 

0.35 

23.10 

0.30 

19.98 

13  900 
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Table  32. 
General    Performance — Machine     Friction,     Efficiencies,     and 

Ratios. 


Test 
No. 


Laboratory 
Designation 


Machine  Friction  of  Loco- 
motive in  Terms  of 


Ratios 


Mean 
•cr^„a  Effective  ' 
fn°"!  Pressure, 
Power|    lb.  per   I 

sq.   in. 


Draw- 
bar 
Pull, 
lb. 


Per  cent 
of 

Indicated 
Horse 
Power 


Machine  Efficiency 
Efficiency    of  Loco 


of  Loco- 
motive, 
per  cent 


motive 

per  cent 


Total 
Weight 
of  Loco- 
motive to 
Maxi- 
mum 
I.H.P. 


CodeItem£^ 
138-16-F 

770 

2009 

2010 

193-20-F 

2012 

138-24-F 

117.9 

2013 

138-32-F 

122.6 

2014 

193-32-F 

225.9 

2015 

193-24-F 

219.4 

2016 

193-16-F 

165.6 

2017 

83-16-F 

71.0 

2018 

83-24-F 

82.1 

2019 

83-32-F 

82.6 

2020 

83-24-F 

75.5 

2021 

83-16-F 

82.3 

2022 

83-32-F 

99.3 

2023 

138-40-F 

118.2 

2024 

55-24-F 

75.4 

2026 

110-16-F 

99.9 

2027 

110-24-F 

115.5 

2028 

55-32-F 

60.6 

2029 

110-32-F 

147.8 

2030 

165-24-F 

173.8 

2031 

83-40-F 

84.2 

2032 

165-32-F 

171.8 

2033 

110-48-F 

134.4 

2034 

193-4 0-F 

315.0 

2035 

110-40-F 

176.2 

2037 

165-40-F 

232.4 

2038 

55-24-F 

60.0 

2039 

110-32-F 

115.8 

2040 

165-40-F 

117.4 

2041 

110-40-F 

102.7 

2042 

110-24-F 

78.9 

2043 

110-48-F 

101.1 

2044 

110-56-F 

77.0 

2045 

110-16-F 

82.5 

2072 

110-40-F 

126.0 

2073 

110-32-F 

121.0 

2074 

165-32-F 

157.0 

2075 

55-32-F 

77.2 

2076 

220-32-F 

207.2 

2077 

110-24-F 

125.5 

2078 

165-24-F 

177.4 

2079 

220-24-F 

181.4 

2080 

110-16-F 

2081. 

55-24-F 

2082 

165-40-F 

242.7 

2083 

165-16-F 

146.8 

2084 

110-48-F 

150.3 

2085 

55-40-F 

79.8 

2086 

55-24-F 

70.0 

2087 

110-16-F 

122.7 

2088 

220-16-F 

124.8 

2089 

2 2 0-4 0-F 

238.3 

2092 

165-32-F 

149.7 

2093 

165-48-F 

201.9 

2094 

110-56-F 

167.3 

2095 

55-48-F 

86.9 

2096 

55-40-F 

90.8 

2097 

55-32-F 

85.4 

2098 

55-48-F 

90.0 

2090 

110-24-F 

128.2 

2091 

165-32-F 

154.4 

771 


7.35 

7.63 

9.86 

9.56 

7.22 

7.72 

8.93 

8.92 

8.16 

8.93 

10.71 

7.40 

12.94 

7.95 

9.14 

10.47 

11.71 

8.93 

8.56 

8.90 

10.64 

13.81 

13.70 

11.94 

10.28 
9.17 
6.05 
8.11 
6.27 
8.02 
6.10 
6.53 

9.97 
9.59 
8.04 
13.20 
7.81 
9.83 
9.10 
6.78 


12.40 

7.46 

11.79 

13.54 

11.83 

9.57 

4.64 

8.97 

7.71 

10.41 

13.10 

14.62 

15.28 

14.20 

15.06 

10.02 
7.89 


772 


1746 

1812 

2337 

2267 

1711 

1837 

2120 

2118 

1938 

2123 

2545 

1757 

<    3073 

1887 

,    2169 

!    2489 

|    2781 

;   2118 

I    2023 

2112 

l    2527 

3279 

i    3256 

2836 

2440 
2175 
1437 
1923 
1483 
1903 
1449 
1551 

2375 
2284 
1913 
3154 
1861 
2342 
2169 
1615 


2954 
1780 
2813 
3224 
2817 
2280 
1101 
2134 
1834 
2491 
3117 
3501 
3641 
3385 
3592 

2394 

1884 


773 


14.7 
12.4 
20.9 
26.0 
28.4 
16.6 
13.8 
10.8 
12.9 
19.2 
12.8 

9.9 
17.5 
19.4 
15.4 
11.0 
15.3 
19.3 

8.8 
15.7 
11.8 
24.7 
15.7 
18.2 

14.0 

12.3 
9.4 
9.3 

10.5 
8.0 
5.8 

15.9 

10.2 
11.9 
12.4 
13.3 
15.2 
15.8 
17.5 
16.3 


16.7 
20.1 
11.2 
11.5 
15.4 
21.9 
16.5 
15.3 
11.8 
12.4 
11.0 
10.8 
12.7 
14.0 
11.0 

17.3 
13.5 


778 


779 


785 


85.3 
87.6 
79.1 
74.1 
71.6 
83.4 
86.2 
89.2 
87.1 
80.8 
87.2 
90.1 
82.5 
80.6 
84.6 
89.0 
84.7 
80.7 
91.2 
84.3 
88.2 
75.3 
84.3 
81.8 

86.0 
87.7 
90.6 
90.8 
89.5 
92.0 
94.2 
84.1 

89.8 
88.1 
87.6 
86.7 
84.8 
84.2 
82.5 
83.7 


83.4 
79.9 
88.9 
88.5 
84.7 
78.1 
83.5 
84.7 
88.2 
87.6 
89.0 
89.2 
87.3 
86.0 
89.1 

82.8 
86.5 


3.84 
3.78 
2.88 
2.63 
2.74 
3.76 
4.21 
4.35 
4.27 
3.31 
3.94 
3.36 
3.97 
3.75 
3.91 
4.10 
3.94 
3.62 
4.38 
3.61 
4.12 
2.67 
3.49 
3.29 


4.20 
3.97 
3.18 
3.61 
4.21 
3.20 
3.17 
3.90 


324.4 
247.1 
217.8 
182.1 
162.2 
212.1 
287.8 
357.1 
300.5 
235.0 
374.0 
504.9 
279.5 
183.2 
494.6 
422.7 

399.9 
235.3 
241.2 
224.7 
198.1 
193.0 
171.7 
194.2 
170.6 

503.8 
230.5 
172.3 
196.8 
278.9 
173.7 
160.3 
417.1 


Total 
Heating 
Surface 

to 
Maxi- 
mum 
I.H.P. 


786 


4.8 
3.6 
3.2 
2.7 
2.4 
3.1 
4.2 
5.3 
4.4 
3.5 
5.5 
7.4 
4.1 
2.7 
7.3 
6.2 

5.9 
3.4 
3.6 
3.3 
2.9 
2.8 
2.5 
2.9 
2.5 

7.4 
3.4 
2.5 
2.9 
4.1 
2.6 
2.4 
6.1 


3.83 

177.9 

2.6 

4.13 

212.8 

3.1 

3.75 

173.9 

2.6 

4.33 

373.4 

5.5 

3.02 

160.4 

2.4 

4.14 

274.0 

4.0 

3.62 

217.9 

3.2 

3.23 

193.5 

2.9 

387.2 

5.7 

476.9 

7.0 

2.73 

150.3 

2.2 

3.56 

294.9 

4.3 

3.13 

163.2 

2.4 

4.07 

316.0 

4.7 

3.80 

478.1 

7.0 

3.69 

387.9 

5.7 

3.98 

281.8 

4.2 

2.46 

140.4 

2.1 

3.99 

156.3 

2.3 

2.82 

134.8 

2.0 

3.27 

142.0 

2.1 

4.44 

271.1 

4.0 

304.2 

4.5 

359.1 

5.3 

266.3 

3.9 

3.93 

294.5 

4.3 

3.80 

190.5 

2.8 

112 


ILLINOIS   ENGINEERING   EXPERIMENT    STATION 


Table  33. 
Analysis  of  Ash,  Front-end  Cinders,  and  Stack  Cinders. 


Analysis    of 

Ash 

•  Analysis  of  Front- 

Analysis  of 

Stack 

onrl       ninnoi«« 

l*i  r>  f\  oro 

Test 
No. 

Laboratory 
Designation 

Car- 
bon, 

Earthy 

Matter, 

per 

Mois- 
ture, 
per 
cent     1 

CIS 

*01XlU.c 

Car- 
bon, 

Earthy 

Matter, 

Mois- 
ture,   1 

Car- 
bon, 

Earthy 

Matter, 

Mois- 
ture, 

per 

per 

per 

per 

per 

per 

per 

cent        vouv 

cent 

cent 

cent 
843 

cent 
846 

cent 
847 

cent 

Codeltem&F 

831 

832 
51.97 

833      | 

841 

842 

35.56 

848 

2009 

138-16-F 

34.90 

10.92 

57.47 

4.50 

44.35 

51.75 

0.84 

2010 

193-20-F 

30.26 

60.22 

7.33 

42.75 

54.85 

0.58 

61.97 

34.90 

0.54 

2012 

138-24-F 

29.34 

63.97 

4.21 

42.52 

54.33 

0.73 

52.71 

43.88 

0.84 

2013 

138-32-F 

31.53 

62.82 

2.86 

37.46 

59.41 

0.66 

60.26 

37.00 

0.54 

2014 

193-32-F 

25.41 

66.84 

4.66 

38.60 

57.42 

1.50 

66.76 

28.48 

2.23 

2015 

193-24-F 

33.03 

58.52 

4.48 

18.19 

79.68 

0.62 

63.90 

32.16 

1.26 

2016 

193-16-F 

30.75 

59.56 

6.43 

39.95 

55.40 

0.74 

56.47 

40.76 

0.81 

2017 

83-16-F 

30.12 

63.55 

3.78 

29.99 

65.99 

1.34 

40.17 

50.54 

7.02 

2018 

83-24-F 

27.49 

67.01 

3.28 

44.08 

52.97  | 

0.88 

50.62 

44.44 

2.64 

2019 

83-32-F 

24.59 

71.63 

1.58 

45.95 

48.93 

2.71 

55.30 

40.83 

1.27 

2020 

83-24-F 

44.49 

50.94 

4.57 

37.26 

44.31  ! 

18.43 

46.34 

52.40 

1.26 

2021 

83-16-F 

35.90 

62.95 

1.15 

45.85 

53.00 

1.15 

51.63 

46.90 

1.47 

2022 

83-32-F 

26.24 

72.63 

1.13 

27.25 

72.05 

0.70 

64.48 

33.95 

1.57 

2023 

138-40-F 

33.00 

64.76 

2.24 

51.32 

47.83 

0.85 

71.14 

28.56 

0.30 

2024 

55-24-F 

29.04 

68.25 

2.70 

39.46 

38.60 

21.94 

43.59 

55.04 

1.37 

2026 

110-16-F 

41.33 

51.24 

7.43 

48.85 

50.37 

0.78 

56.14 

42.77 

1.09 

2027 

110-24-F 

33.08 

63.71 

3.21 

48.80 

50.38 

0.82 

56.19 

43.24 

0.57 

2028 

55-32-F 

27.48 

70.63 

1.89 

49.59 

49.88 

0.53 

53.17 

44.05 

2.78 

2029 

110-32-F 

37.00 

60.61 

2.39 

33.77 

65.56 

0.67 

60.79 

38.27 

0.94 

2030 

165-24-F 

38.29 

56.74 

4.97 

48.88 

51.11 

0.01 

67.31 

32.34 

0.35 

2031 

83-40-F 

29.05 

69.49 

1.46 

20.82 

78.66 

0.52 

66.13 

32.96 

0.91 

2032 

165-32-F 

,41.04 

55.71 

3.25 

52.59 

46.76 

0.65 

33.80 

65.28 

0.92 

2033 

110-48-F 

31.93 

66.04 

2.03 

19.52 

79.89 

0.59 

67.86 

31.48 

0.66 

2034 

193-40-F 

36.31 

61.59 

2.10 

43.05 

56.35 

0.60 

71.39 

28.04 

0.57 

2035 

110-40-F 

37.81 

60.00 

2.19 

40.73 

58.72 

0.55 

66.60 

32.69 

0.71 

2037 

165-40-F 

40.50 

56.91 

2.59 

45.64 

53.40 

0.96 

69.72 

29.61 

0.67 

2038 

55-24-F 

42.04 

57.58 

0.38 

46.39 

52.05 

1.56 

38.95 

60.16 

0.89 

2039 

110-32-F 

29.59 

69.28 

1.13 

42.74 

55.44 

1.82 

58.50 

40.89 

0.61 

2040 

165-40-F 

38.57 

59.98 

1.45 

34.78 

64.71 

0.51 

70.55 

28.96 

0.49 

2041 

110-40-F 

34.91 

63.69 

1.40 

46.43 

52.35 

1.22 

66.22 

33.30 

0.48 

2042 

110-24-F 

36.54 

62.11 

1.35 

47.78 

51.63 

0.59 

57.25 

42.08 

0.67 

2043 

110-48-F 

32.99 

64.35 

2.66 

10.55 

89.37 

0.08 

69.26 

30.14 

0.60 

2044 

110-56-F 

29.99 

67.45 

2.56 

26.19 

73.50 

0.31 

73.92 

25.64 

0.44 

2045 

110-16-F 

33.14 

65.06 

1.80 

52.44 

47.41 

0.15 

46.58 

53.03 

0.39 

2072 

110-40-F 

26.72 

70.98 

2.30 

32.50 

67.18 

0.32 

68.08 

31.37 

0.55 

2073 

110-32-F 

35.55 

60.82 

3.63 

34.42 

65.08 

0.50 

64.61 

34.96 

0.43 

2074 

165-32-F 

29.52 

68.03 

2.45 

40.97 

58.68 

0.35 

67.18 

32.41 

0.41 

2075 

55-32-F 

30.33 

69.36 

0.31 

43.76 

56.18 

0.06 

46.69 

52.84 

0.47 

2076 

220-32-F 

33.20 

64.08 

2.72 

44.16 

55.50 

0.34 

75.82 

23.79 

0.39 

2077 

110-24-F 

51.92 

40.16 

7.92 

56.25 

43.34 

0.41 

56.19 

43.00 

0.81 

2078 

165-24-F 

28.41 

69.20 

2.39 

42.75 

56.88 

0.37 

64.45 

34.98 

0.57 

2079 

220-24-F 

38.08 

60.98 

0.94 

42.02 

57.69 

0.29 

67.47 

32.03 

0.50 

2080 

110-16-F 

30.34 

67.79 

1.87 

44.20 

53.12 

2.68 

37.30 

61.96 

0.74 

2081 

55-24-F 

32.01 

66.82 

1.17 

41.82 

57.98 

0.20 

41.10 

58.37 

0.53 

2082 

165-40-F 

32.66 

64.62 

2.72 

45.85 

53.65 

0.50 

73.05 

26.41 

0.54 

2083 

165-16-F 

34.94 

61.87 

3.19 

53.99 

45.66 

0.35 

62.11 

37.19 

0.70 

2084 

110-48-F 

31.38 

66.85 

1.97 

24.30 

53.52 

22.18 

73.52 

25.92 

0.56 

2085 

55-40-F 

33.16 

66.19 

0.65 

51.37 

48.42 

0.21 

64.35 

35.23 

0.42 

2086 

55-24-F 

29.70 

69.64 

0.66 

22.63 

54.43 

22.94 

38.94 

53.81 

7.25 

2087 

110-16-F 

29.94 

69.47 

0.59 

39.45 

60.35 

0.20 

45.33 

53.70 

0.97 

2088 

220-16-F 

28.16 

71.15 

0.69 

19.32 

74.04 

6.64 

57.39 

41.93 

0.68 

2089 

220-40-F 

25.16 

72.85 

1.99 

41.25 

58.48 

0.27 

75.83 

23.84 

0.33 

2092 

165-32-F 

34.23 

63.49 

2.28 

36.73 

62.95 

0.32 

69.76 

29.65 

0.59 

2093 

165-48-F 

44.12 

54.79 

1.09 

41.35 

58.42 

0.23 

71.65 

28.01 

0.34 

2094 

110-56-F 

37.66 

61.46 

0.88 

42.96 

55.06 

1.98 

72.55 

26.94 

0.51 

2095 

55-48-F 

31.83 

67.47 

0.70 

62.66 

37.00 

0.34 

57.88 

41.66 

0.46 

2096 

55-40-F 

2097 

55-32-F 

2098 

55-48-F 

2090 

110-24-F 

34.88 

64.52 

0.60 

51.66 

48.03 

0.31 

57.23 

41.93 

0.84 

2091 

165-32-F 

36.60 

61.98 

1.42 

55.00 

44.32 

0.68 

67.47 

31.79 

0.74 
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Table  34. 
Heat  Balance — British  Thermal  Units. 


Test 
No. 


Laboratory 
Designation 


B.t.u. 
Ab- 
sorbed 

by 
Boiler 
per  lb. 
of  Coal 

as 
Fired 


B.t.u.  Loss  Per  Pound  of  Coal  as  Fired 


Due  to 
Mois- 
ture 
in 
Coal 


Due  to 
Mois- 
ture 
in 
Air 


Due  to 
Hydro- 
gen 
in 
Coal 


Due  to 
Escap- 
ing 
Gases 


Due  to 
Incom- 
plete 
Com- 
bustion 


Due  to 
Com- 
bustible 

in 
Front- 
end 
Cinders 


Due  to 
Com- 
bustible 
in 
Stack 
Cinders 


Due  to 
Com- 
bustible 
in 
Ash 


Due  to 
Radia- 
tion, 
and 
Unac- 
ounted- 
for 

869 


2009 
2010 
2012 
2013 
2014 
2015 
2016 
2017 
2018 
2019 
2020 
2021 
2022 
2023 
2024 
2026 
2027 
2028 
2029 
2030 
2031 
2032 
2033 
2034 
2035 
2037 

2038 
2039 
2040 
2041 
2042 
2043 
2044 
2045 

2072 
2073 
•2074 

z\)ii 

^0  16 
^u?y 
2080 
2061 
2082 
2083 
2084 
2085 
2086 
2087 
2088 
2089 
2092 
2093 
2094 
2095 
2096 
2097 
2098 

2090 
2091 


CodeltemiJ^ 

851 

852 

853 

854 

855 

856 

857 

858 

860 

138-16-F 

7007 

143 

46 

491 

1691 

0 

27 

368 

116 

193-20-F 

6376 

163 

57 

542 

3688 

0 

11 

882 

61 

138-24-F 

6618 

150 

77 

522 

3525 

30 

7 

681 

187 

138-32-F 

6435 

122 

78 

542 

3506 

47 

7 

1036 

184 

193-32-F 

5512 

126 

75 

532 

2698 

22 

7 

1272 

81 

193-24-F 

5638 

144 

64 

518 

2171 

0 

4 

1243 

355 

193-16-F 

6531 

153 

68 

490 

2323 

15 

8 

662 

250 

83-16-F 

7812 

130 

64 

512 

2213 

106 

9 

175 

209 

83-24-F 

7269 

141 

49 

510 

2220 

106 

24 

377 

168 

83-32-F 

7239 

140 

62 

532 

2211 

124 

11 

618 

162 

83-24-F 

7560 

0 

16 

362 

182 

83-16-F 

6521 

154 

22 

409 

1786 

0 

28 

370 

476 

83-32-F 

6231 

133 

34 

412 

1811 

0 

4 

1039 

267 

138-40-F 

5317 

174 

19 

419 

1336 

0 

4 

1856 

264 

55-24-F 

8637 

146 

18 

419 

1942 

0 

28 

181 

210 

110-16-F 

7278 

162 

26 

409 

1928 

0 

31 

408 

415 

110-24-F 

6550 

162 

29 

418 

1908 

0 

15 

661 

267 

55-32-F 

7113 

157 

30 

414 

1812 

0 

16 

457 

270 

110-32-F 

6414 

157 

33 

410 

1512 

0 

10 

1068 

376 

165-24-F 

6793 

138 

40 

429 

1566 

0 

10 

1127 

280 

83-40-F 

6299 

220 

33 

388 

1360 

96 

5 

1188 

240 

165-32-F 

5822 

171 

411 

1431 

0 

19 

794 

326 

110-48-F 

6289 

180 

35 

405 

1400 

0 

3 

1519 

241 

193-40-F 

5045 

168 

36 

405 

1347 

0 

7 

1736 

386 

110-40-F 

5900 

186 

39 

403 

1707 

0 

4 

1191 

379 

165-40-F 

5813 

185 

39 

413 

1400 

0 

9 

1599 

347 

55-24-F 

7482 

154 

18 

383 

1622 

0 

29 

173 

411 

110-32-F 

6356 

152 

22 

402 

1478 

0 

13 

900 

269 

165-40-F 

5180 

160 

18 

4.17 

.  1271 

38 

6 

1941 

261 

110-40-F 

5716 

185 

20 

416 

1455 

45 

5 

1477 

258 

110-24-F 

6774 

175 

22 

405 

1557 

0 

5 

719 

283 

110-48-F 

5231 

179 

16 

426 

1299 

154 

2 

1838 

225 

110-56-F 

5306 

177 

17 

427 

1408 

156 

4 

1961 

187 

110-16-F 

7180 

170 

21 

391 

1474 

0 

3 

515 

321 

110-40-F 

5793 

169 

505 

0 

1664 

157 

110-32-F 

6511 

175 

19 

516 

1638 

56 

9 

1042 

261 

165-32-F 

5978 

148 

21 

529 

1568 

229 

2 

1372 

266 

55-32-F 

7249 

166 

28 

509 

1981 

69 

13 

427 

154 

220-32-F 

4920 

205 

18 

516 

1352 

74 

16 

2159 

283 

110-24-F 

6812 

165 

22 

507 

1765 

29 

16 

540 

221 

165-24-F 

6152 

172 

22 

508 

1738 

0 

16 

1132 

185 

220-24-F 

5851 

113 

22 

549 

1676 

0 

13 

1361 

502 

110-16-F 

7297 

166 

28 

512 

1982 

142 

16 

193 

316 

55-24-F 

7501 

147 

29 

511 

2121 

0 

19 

169 

359 

165-40-F 

4658 

160 

20 

545 

1468 

0 

14 

2034 

324 

165-16-F 

6629 

177 

23 

504 

1672 

0 

26 

613 

448 

110-48-F 

4998 

175 

26 

510 

1566 

0 

9 

1746 

304 

55-40-F 

7016 

160 

26 

510 

1725 

0 

18 

590 

369 

55-24-F 

7142 

151 

26 

495 

1750 

68 

8 

269 

363 

110-16-F 

7220 

147 

28 

496 

1725 

0 

14 

284 

379 

220-16-F 

6773 

169 

25 

476 

1517 

0 

7 

599 

335 

220-40-F 

4202 

167 

14 

528 

1207 

126 

10 

2551 

214 

165-32-F 

6152 

192 

18 

522 

1475 

22 

11 

1292 

326 

165-48-F 

4736 

188 

15 

530 

1187 

62 

10 

2414 

540 

110-56-F 

5666 

190 

21 

517 

1282 

35 

20 

2069 

315 

55-48-F 

7307 

158 

23 

505 

1656 

0 

24 

560 

315 

55-40-F 

55-32-F 

55-48-F 

110-24-F 

7026 

152 

25 

508 

1524 

26 

29 

730 

447 

165-32-F 

6443 

174 

23 

514 

1470 

0 

31 

1399 

461 

1194 

-821 

-896 

-821 

713 

826 

87 

-  50 

268 

93 

1003 
711 

1297 

-345 
85 

1069 

808 

968 

993 

91 

467 

1180 

738 

889 

-231 
762 

1396 
974 
662 

1471 
551 
236 


824 

1061 
478 

1059 
941 
932 

1573 
527 
358 

1902 
824 

1354 
628 
803 
543 
586 

1819 
792 

1125 
847 
260 


627 
449 
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Table  35. 
Heat   Balance — Percentage. 


Per    cent   of   Heat 

of    Coal    as   Fired 

To 

To 
Com- 
bustible | 

To 

Test 
No. 

Laboratory 
Designation 

Absorb- . 
ed  by 

To 
Mois- 
ture 

To 

Mois- 
ture 

To 
Hydro- 

To 
Escap- 

To 
Incom- 
plete 

Com- 
bustible 
in 

To 
Com- 

mstible 

Radia- 
tion, 
and 

Boiler 

in 
Coal 

in 

Air 

gen  in 
Coal 

ing 
Gases 

Com-     Front- 
bustion      end 
Cinders 

in 

Stack 
Cinders 

in 

Ash 

Unac- 
counted- 
for 

CodeItem£4f| 
138-16-F 

881 

63.2 

882 

883 

0.4 

884     | 

885 

15.3 

886 

0.0 

887 
0.2 

888   | 
3.3 

890 
1.1 

899 

2009 

1.3 

4.4 

10.8 

2010 

193-20-F 

58.2 

1.5 

0.5 

5.0 

33.7 

0.0 

0.1 

8.1    I 

0.6 

-  7.5 

2012 

138-24-F  i 

60.7 

1.4 

0.7 

4.8 

32.3 

0.3 

0.1 

6.3 

1.7 

-  8.2 

2013 

138-32-F 

57.8 

1.1 

0.7 

4.9 

31.5 

0.4 

0.1 

9.3 

1.7 

-  7.4 

2014 

193-32-F 

49.9 

1.1 

0.7 

4.8 

24.4 

0.2 

0.1 

11.5     i 

0.7 

6.5 

2015 

193-24-F 

51.4 

1.3 

0.6 

4.7 

19.8 

0.0 

0.0 

11.3 

3.2 

7.5 

2016 

193-16-F 

61.7 

1.4 

0.6 

4.6 

21.9 

0.1 

0.1 

6.3 

2.4 

0.8 

2017 

83-16-F 

69.9 

1.2 

0.6 

4.6 

19.8 

1.0 

0.1 

1.6 

1.9 

-  0.4 

2018 

83-24-F 

66.5 

1.3 

0.5 

4.7 

20.3 

1.0 

0.2 

3.4 

1.5 

2.5 

2019 

83-32-F 

64.7 

1.3 

0.6 

4.8 

19.8 

1.1 

0.1 

5.5 

1.5 

0.8 

2020 

83-24-F 

67.3 

0.0 

0.1 

3.2 

1.6 

2021 

83-16-F 

60.6 

1.4 

0.2 

3.8 

16.6 

0.0 

0.3 

3.4    ] 

4.4 

9.3 

2022 

83-32-F 

58.6 

1.3 

0.3 

3.9 

17.0 

0.0 

0.0 

9.8 

2.5 

6.7 

2023 

138-40-F 

49.8 

1.6 

0.2 

3.9 

12.5 

0.0 

0.0 

17.4 

2.5 

12.1 

2024 

55-24-F 

76.9 

1.3 

0.2 

3.7 

17.3 

0.0 

0.3 

1.6 

1.9 

-  3.1 

2026 

110-16-F 

67.8 

1.5 

0.2 

3.8 

18.0 

0.0 

0.3 

3.8 

3.9 

0.8 

2027 

110-24-F 

59.1 

1.5 

0.3 

3.8 

17.2 

0.0 

0.1 

6.0 

2.4 

9.7 

2028 

55-32-F 

64.2 

1.4 

0.3 

3.7 

16.4 

0.0 

0.1 

4.1 

2.4 

7.3 

2029 

110-32-F 

58.6 

1.4 

0.3 

3.8 

13.8 

0.0 

0.1 

9.8 

3.4 

8.8 

2030 

165-24-F 

59.7 

1.2 

0.4 

3.8 

13.8 

0.0 

0.1 

9.9 

2.5 

8.7 

2031 

83-40-F 

63.4 

2.2 

0.3 

3.9 

13.7 

1.0 

0.1 

12.0 

2.4 

0.9 

2032 

165-32-F 

54.7 

1.6 

3.9 

0.0 

0.2 

7.5 

3.1 

2033 

110-48-F 

59.7 

1.7 

0.3 

3.8 

13.3 

0.0 

0.0 

14.0 

2.3 

4.4 

2034 

193-40-F 

48.9 

1.6 

0.4 

3.9 

13.1 

0.0 

0.1 

16.8 

3.7 

11.5 

2035 

110-40-F 

55.9 

1.8 

0.4 

3.8 

16.2 

0.0 

0.0 

11.3 

3.6 

7.0 

2037 

165-40-F 

54.4 

1.7 

0.4 

3.9 

13.1 

0.0 

0.1 

15.0 

3.2 

8.3 

2038 

55-24-F 

74.5 

1.5 

0.2 

3.8 

16.2 

0.0 

0.3 

1.7 

4.1 

-  2.3 

2039 

110-32-F 

61.4 

1.5 

0.2 

3.9 

14.3 

0.0 

0.1 

8.7 

2.6 

7.4 

2040 

165-40-F 

48.5 

1.5 

0.2 

3.9 

11.9 

0.4 

0.1 

18.2 

2.5 

13.1 

2041 

110-40-F 

54.2 

1.8 

0.2 

3.9 

13.8 

0.4 

0.0 

14.0 

2.4 

9.2 

2042 

110-24-F 

63.9 

1.7 

0.2 

3.8 

14.7 

0.0 

0.1 

6.8 

2.7 

6.3 

2043 

110-48-F 

48.3 

1.7 

0.2 

3.9 

12.0 

1.4 

0.0 

17.0 

2.1 

13.6 

2044 

110-56-F 

50.1 

1.7 

0.2 

4.0 

13.3 

1.5 

0.0 

18.5 

1.8 

5.2 

2045 

110-16-F 

69.6 

1.7 

0.2 

3.8 

14.3 

0.0 

0.0 

5.0 

3.1 

2.3 

2072 

110-40-F 

2073 

110-32-F 

58.9 

1.6 

0.2 

4.7 

14.8 

0.5 

0.1 

9.4 

2.4 

7.4 

2074 

165-32-F 

53.5 

1.3 

0.2 

4.7 

14.0 

2.1 

0.0 

12.3 

2.4 

9.5 

2075 

55-32-F 

65.5 

j     1.5 

0.3 

4.6 

17.9 

0.7 

0.1 

3.9 

1.4 

4.3 

2076 

220-32-F 

46.4 

1.9 

0.2 

4.9 

12.8 

0.7 

0.1 

20.4 

2.7 

10.0 

2077 

110-24-F 

61.8 

1.5 

0.2 

4.6 

16.0 

0.3 

0.1 

4.9 

2.0 

8.5 

2078 

165-24-F 

56.7 

1.6 

0.2 

4.7 

16.0 

0.0 

0.1 

10.4 

1.7 

8.6 

2079 

220-24-F 

50.2 

1.0 

0.2 

4.7 

15.0 

0.0 

0.1 

11.7 

4.3 

13.5 

2080 

110-16-F 

65.3 

1.5 

0.3 

4.6 

17.7 

1.3 

0.1 

1.7 

2.8 

4.7 

2081 

55-24-F 

66.9 

1.3 

0.3 

4.6 

18.9 

0.0 

0.2 

1.5 

3.2 

3.2 

2082 

165-40-F 

41.9 

1.4 

0.2 

4.9 

13.2 

0.0 

0.1 

18.3 

2.9 

17.1 

2083 

165-16-F 

60.7 

1.6 

0.2 

4.6 

15.3 

0.0 

0.2 

5.6 

4.1 

7.6 

2084 

110-48-F 

46.8 

1.6 

0.3 

4.8 

14.6 

0.0 

0.1 

16.3 

2.8 

12.7 

2085 

55-40-F 

63.5 

1.5 

0.2 

4.6 

15.6 

0.0 

0.2 

5.3 

3.3 

5.7 

2086 

55-24-F 

64.5 

1.4 

0.2 

4.5 

15.8 

0.6 

0.1 

2.4 

3.3 

7.2 

2087 

110-16-F 

66.6 

1.4 

0.3 

4.6 

15.9 

0.0 

0.1 

2.6 

3.5 

5.0 

2088 

220-16-F 

64.6 

1.6 

0.2 

4.5 

14.5 

0.0 

0.1 

5.7 

3.2 

5.6 

2089 

220-40-F 

38.8 

1.5 

0.1 

4.9 

11.1 

1.2 

0.1 

23.5 

2.0 

16.8 

2092 

165-32-F 

57.0 

1.8 

0.2 

4.8 

13.7 

0.2 

0.1 

12.0 

3.0 

7.3 

2093 

165-48-F 

43.8 

1.7 

0.1 

4.9 

11.0 

0.6 

0.1 

22.3 

5.0 

10.4 

2094 

110-56-F 

50.3 

1.8 

0.2 

4.9 

12.0 

0.3 

0.2 

19.4 

3.0 

7.9 

2095 

55-48-F 

67.6 

15 

0.2 

4.7 

15.3 

0.0 

0.2 

5.2 

2.9 

2.4 

2096 

55-40-F 

1 

2097 

55-32-F 

2098 

55-48-F 

2090 

110-24-F 

63.3 

1.4 

0.2 

4.6 

13.7 

0.2 

0.3 

6.6 

4.0 

5.6 

2091 

165-32-F 

58.8 

1.6 

0.2 

4.7 

13.4 

0.0 

0.3 

12.8 

4.2 

4.1 
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Table  36. 

Information  Concerning  the  Indicator  Diagrams  Shown  in  Fig. 

56,  57,  and  58. 


Diagram 
No. 

Right  or 
Left 
Side 

Head  or 

Crank 

End 

Test 
No. 

Laboratory 
Designation 

Nominal 

Speed, 

M.  P.  H. 

Speed, 
R.  P.  M. 

1 

R 

H 

2086 

55-24-F 

10 

51.3 

2 

R 

C 

it 

If 

ii 

3 

L 

H 

it 

f  f 

ii 

4 

L 

C 
H 

n 

II 

ii 

5 

R 

2077 

110-24-F 

20 

110.7 

6 

R 

C 

u 

" 

II 

7 

L 

H 

>» 

ii 

II 

8 

L 
R 

C 
H 

»• 

ii 

If 

9 

2083 

165-16-F 

30 

170.3 

10 

R 

C 

>i 

n 

n 

11 

L 

H 

" 

12 

L 
R 

C 
H 

" 

91 

" 

13 

2088 

220-16-F 

40 

234.2 

14 

R 

0 

" 

ii 

15 

L 

H 

ii 

ii 

ii 

16 

L 
R 

C 
H 

»» 

ii 

" 

17 

2095 

55-48-F 

10 

51.3 

18 

R 

C 

ii 

" 

19 

L 

H 

ff 

20 

L 
R 

C 
H 

)» 

" 

If 

21 

2084 

110-48-F 

20 

110.4 

22 

R 

C 

ii 

23 

L 

H 

If 

ii 

24 

L 
R 

C 

" 

ii 

25 

H 

2093 

165-48-F 

30 

167.4 

26 

R 

C 

" 

27 

L 

H 

" 

ii 

II 

28 

L 
R 

C 
H 

" 

II 

29 

2089 

220-40-F 

40 

230.7 

30 

R 

C 

" 

" 

II 

31 

L 

H 

91 

" 

f  f 

32 

L 

C 

J» 

ii 

If 

33 

R 

H 

2028 

55-32-F 

10 

50.3 

34 

R 

C 

ii 

" 

" 

35 

L 

H 

" 

f  f 

36 

L 

C 

)> 

n 

ii 

37 

R 

H 

2029 

110-32-F 

20 

109.8 

38 

R 

0 

n 

39 

L 

H 

>» 

40 

L 
R 

C 
H 

>i 

ii 

" 

ii 

41 

2030 

165-24-F 

30 

169.4 

42 

R 

C 

if 

n 

" 

" 

43 

L 

H 

IS 

" 

" 

44 

L 

C 
H 

M 

ii 

" 

45 

R 

2034 

193-40-F 

35 

198.5 

46 

R 

C 

ii 

ii 

" 

47 

L 

H 

" 

•* 

ii 

48 

L 

0 

ii 

»» 

" 

116 


ILLINOIS   ENGINEERING   EXPERIMENT   STATION 


200 


--   ion 


8 


-T-200 


--     IOO 


11 


12 


-T-20O 


--    IOO 


13 


14 


15 


16 


-T-200 


IOO 


Fig.  56,     Representative  Indicator  Diagrams  for  Series  2. 
For  Data,  See  Table  36. 
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Fig.  57.     Eepresextative  Indicator  Diagrams   for   Series  2. 
For  Data,  See  Table  36. 
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Fig.  58.    Representative  Indicator  Diagrams  for  Series  1. 
For  Data,  See  Table  36. 
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APPENDIX  5. 
Methods  of  Calculation. 

Appendix  5  presents  in  detail  the  methods  of  calculation  used  in 
determining  all  results  except  for  those  items  whose  determination  is 
self-evident. 

The  Marks  and  Davis  steam  tables  for  saturated  and  superheated 
steam  have  been  used  in  all  calculations  pertaining  to  the  properties 
of  steam. 

The  events  of  the  stroke  and  the  corresponding  pressures  were  de- 
termined for  each  indicator  diagram  by  inspection  and  measurement. 
Horse  power  calculations  were  made,  in  like  manner,  for  each  indi- 
cator diagram.  The  values  tabulated  in  Appendix  4  are  averages  of 
the  determinations  made  from  the  individual  diagrams. 

Methods  of  estimating  the  ultimate  analyses  for  the  individual  coal 
samples  and  of  estimating  the  calorific  values  for  the  samples  of  ash 
and  cinders  have  been  presented  in  Appendix  4  in  the  consideration 
of  Test  Methods. 

Item  318.     Constant  for  dynamometer  horse  power. 

Item  19 
33  000 

Item  319.     Constant  for  indicated  horse  power.    Right,  head  end. 
.000001983  X  (Item  68) 2  X  Item  77 

Item  320.     Constant  for  indicated  horse  power.    Right,  crank  end. 

.000001983  X  [  (Item  68)2—  (Item  135) 2]  X  Item  77 

Item  321.     Constant  for  indicated  horse  power.    Left,  head  end. 
.000001983  X  (Item  69) 2  X  Item  78 
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Item  322.     Constant  for  indicated  horse  power.    Left,  crank  end. 

.000001983  X  [(Item  69)2— (Item  136) 2  X  Item  78 

Item  332.     Constant  for  piston  displacement.    Right,  head  end. 
229.17  X  Item  319 

Item  333.     Constant  for  piston  displacement.    Right,  crank  end. 
229.17  X  Item  320 

Item  334.     Constant  for  piston  displacement.    Left,  head  end. 
229.17  X  Item  321 

Item  335.     Constant  for  piston  displacement.    Left,  crank  end. 
229.17  X  Item  322 

Item  352.     Average  revolutions  per  minute. 

Item  351 
60  X  Item  345 

Item  353.     Equivalent  speed,  miles  per  hour. 

Item  352  X  Item  19 
88 

Item  354.     Equivalent  piston  speed  in  feet  per  minute. 

Item352X   ["«m  77  +  Item  78] 

Item  388.  Barometric  pressure  in  laboratory.  The  observed  value 
has  been  corrected  for  the  expansion  of  the  mercury 
and  brass  by  means  of  the  formula : 

#=^[1.0026  —  0.000091  *J. 

This  method  is  in  accordance  with  that  of  the  United 
States  Weather  Bureau  as  described  in  Bulletin  No. 
472,  page  29. 

Item  407.     Quality  of  steam,  average. 

Quality  of  steam  in  the  dome  has  been  determined  by 
means  of  a  throttling  calorimeter  and  the  formula : 

ffo  +  0.47X  [ts  —  t0]—q0 

3sn    
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x0  =  quality  of  steam 

ts  =  observed  temperature  in  calorimeter 

t0  =  temperature  of  saturated  steam  at  pressure  in 

calorimeter 
q0  =  heat  of  liquid  due  to  boiler  pressure 
H0  =  total  heat  of  dry  steam  at  calorimeter  pressure 
r0  =  latent  heat  of  dry  steam  due  to  boiler  pressure 

Item  412.     Factor  of  correction  for  quality  of  steam. 

q  +  xr  —  7t 
q  -f-  r  —  7t 

q  =  heat  of  liquid  due  to  average  boiler  pressure 

Ji  =  heat  of  liquid  due  to  average  feed  water  tempera- 
ture 

x  =  quality  of  steam,  average 

r  =  latent  heat  of  dry  steam  due  to  average  boiler 
pressure. 

Item  419.     Total  pounds  of  dry  coal  fired. 

100  -  Item  440  1 


Item  418  X   |~- 


100 


Item  420.     Total  pounds  of  combustible  by  analysis. 

100—  (Item  440  +  Item  441) 


Item  418  X  P 


100 


Item  421.     Total  pounds  of  ash  by  analysis. 

r  Item  441 


t+        ,mo  w   rltem  441   1 
Item  418  X  [~m- 


Item  424.     Total  pounds  of  front  end  and  stack  cinders. 
Item  422  +  Item  423. 

Item  435.  Pounds  of  moisture  per  pound  of  dry  air  has  been  ob- 
tained from  item  368,  item  369,  and  the  psychrometric 
chart  and  formula  described  by  W.  H.  Carrier  in  the 
November,  1911,  Journal  of  the  American  Society  of 
Mechanical  Engineers. 
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Item  458.     Calorific  value  of  dry  coal  in  B.t.u.  per  pound. 

Item  443 


f      ltem44* 1   X  100 

L 100  —  Item  440  J   ^ 


Item  459.     Calorific  value  of  combustible  in  B.t.u.  per  pound. 

T Item  443 1    yioo 

L  100  —  [Item  440  +  Item  441]  J   ^ 

Item  478.  Correction  for  change  of  water  level  and  pressure  in  the 
boiler  from  start  to  close  of  test  has  been  calculated 
by  the  formula : 

W{    [q  +  xr  —  q^—Wtlq  +  xr  —  qt] 
q-\-  xr  —  ~h 

Wi  =  initial  weight  of  water  in  the  boiler,  pounds 

Wt  =  final  weight  of  water  in  the  boiler,  pounds 

q  =  heat  of  liquid  due  to  average  boiler  pressure 

x  =  quality  of  steam,  average 

r  =  latent  heat  of  dry  steam  due  to  average  boiler 
pressure 

qi  =  heat  of  liquid  at  start  of  test 

qt  =  heat  of  liquid  at  close  of  test 

7i  =  heat  of  liquid  due  to  average  feed  water  tempera- 
ture 

Item  480.     Total  hot  water  losses,  corrected,  pounds. 

[xv  ~i 

q  +  xr  —  7i  J 

Item  481.  Water  delivered  to  boiler  and  presumably  evaporated, 
pounds. 

Item  476  —  Item  480  +  Item  478 

Item  626.     Dry  coal  fired  per  hour,  pounds. 

Item  419 
Item  345 
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Item  627.     Dry  coal  fired  per  hour  per  square  foot  of  grate  surface, 
pounds. 

Item  626 
Item  252 

Item  633.     Moist  steam  evaporated  per  hour,  pounds. 

Item  481 
Item  345 

Item  634.     Dry  steam  evaporated  per  hour,  pounds. 
Item  633  X  Item  412 

Item  635.     Dry  steam  evaporated  per  hour  per  square  foot  of  heating 
surface,  pounds. 

Item  634 
Item  275 

Item  636.     Dry  steam  evaporated  per  pound  of  dry  coal,  pounds. 

Item  634 
Item  626 

Item  637.     Dry  steam  evaporated  per  pound  of  coal  as  fired,  pounds. 

Item  418    i 


Item  634 


<-■ 


Item  345 


Item  639.     Dry  steam  to  engine  per  hour,  pounds. 

[Item  476  +  Item  477  —  Item  479  —  Item  638] 


w    rltem  412  -| 
Litem  345  J 


Item  641.     Factor  of  evaporation. 

q  +  xr  —  7t 
970.4 
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Item  642.     Dry  steam  loss  per  hour  due  to  calorimeter,  leaks,  correc- 
tions, etc.,  pounds. 

Item  634  — Item  639 

Item  642.     Dry  coal  loss  per  hour  equivalent  to  steam  loss,  pounds. 

Item  642 
Item  636 

Item.  645.     Equivalent  evaporation  per  hour  from  and  at  212 °F., 
pounds. 

Item  633  X  Item  641. 

Item  648.     Equivalent  evaporation  per  hour  per  square  foot  of  total 
heating  surface,  pounds. 

Item  645 
Item  275 

Item  656.     Equivalent  evaporation  per  hour  per  square  foot  of  grate 
surface,  pounds. 

Item  645 
Item  252 

Item  657.     Equivalent  evaporation  per  hour  per  pound  of  coal  as 
fired,  pounds. 

Item  418 


Item  645  -  \  ltem  41*  1 
L  Item  345  J 


Item  658.     Equivalent  evaporation  per  hour  per  pound  of  dry  coal, 
pounds. 

Item  645 
Item  626 

Item  659.     Equivalent  evaporation  per  hour  per  pound  of  combusti- 
ble, pounds. 

Item  645  -~  {  Item  420  1 
L  Item  345  J 
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Item  660.     Boiler  horse  power. 

Item  645 
34.5 

Item  666.     Efficiency  of  the  boiler,  per  cent. 

Item  657  X  970.4  X  100 
Item  443. 

Item  697.     Number  of  expansions,  right,  head  end. 

Item  510  +  Item  86 
Item  495  +  Item  86 

Item  698.     Number  of  expansions,  right,  crank  end. 

Item  511  +  Item  87 
Item  496  +  Item  87 

Item  699.    Number  of  expansions,  left,  head  end. 

Item  512  +  Item  88 
Item  497  +  Item  88 

Item  700.     Number  of  expansions,  left,  crank  end. 

Item  513  +  Item  89 
Item  498  +  Item  89 

Item  734.     Dry  coal  used  by  engine  per  indicated  horse  power  per 
hour,  pounds. 


f  Item  639  1    -Item  711 
L  Item  636  J 


Item  735.     B.t.u.  in  dry  coal  per  indicated  horse  power  per  hour. 
Item  734  X  Item  458 

Item  736.     Dry  steam  per  indicated  horse  power  per  hour,  pounds. 

Item  639 
Item  711 
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Item  737.     B.t.u.  in  steam  above  32 °F.  per  indicated  horse  power  per 
hour. 

Item  736  X  [  q  +  r] 

Item  743.     Drawbar  horse  power. 

Item  318  X  Item  352  X  Item  487 

Item  744.     Dry  coal  per  drawbar  horse  power  per  hour,  pounds. 


r  Item  639  i 
L  Item  636  J 


-T-Item  743 


Item  745.     Dry  steam  per  drawbar  horse  power  per  hour,  pounds. 

Item  639 
Item  743 

Item  746.     B.t.u.  per  drawbar  horse  power  per  hour. 
Item  744  X  Item  458 

Item  750.     Millions  of  foot  pounds  at  drawbar  per  hour. 

Item  487  X  Item  19  X  Item  351 
Item  345  X  1  000  000 

Item  752.     Dry  coal  per  million  foot  pounds  at  drawbar,  pounds. 

f  Item  639  1  -  Item  750 
L  Item  636  J 

Item  753.     Dry  steam  per  million  foot  pounds  at  drawbar,  pounds. 

Item  639 
Item  750 

Item  754.     B.t.u.  per  million  foot  pounds  at  drawbar. 
Item  752  X  Item  458 

Item  755.     Indicated  horse  power  per  square  foot  of  heating  surface. 

Item  711 1     _     r  Item  634 


-  item  711 1  r  item  634  i 

L  Item  275  J     X     L  Item  639~J 
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Item  756.     Indicated  horse  power  per  square  foot  of  grate  surface. 

r  Item  711  n  r  Item  634  -j 

L  Item  252  J      X     L  Item  639  J 

Item  757.     Drawbar  horse  power  per  square  foot  of  heating  surface. 

r  Item  743  n     x     r  Item  634  i 
L  Item  275  J  Litem  639  J 

Item  758.     Drawbar  horse  power  per  square  foot  of  grate  surface. 

r  Item  743  i     x     rltem  634  1 
L  Item  252  J  L  Item  639  J 

Item  764.     Tractive  force  based  on  mean  effective  pressure,  pounds. 

r    33  000     -j     x     r  Item  711  1 
L  Item  19  J  L  Item  352  J 

Item  770.     Machine  friction  of  the  locomotive  in  terms  of  horse  power. 
Item  711  — Item  743 

Item  771.     Machine  friction  of  the  locomotive  in  terms  of  mean  effec- 
tive pressure,  pounds. 

Item  770 

Item  352  X  [Item  319  +  Item  320  +  Item  321  +  Item  322] 

Item  772.     Machine  friction  of  the  locomotive  in  terms  of  drawbar 
pull,  pounds. 


r    33  000     1     x     rltem  770  i 
I   Item  19  J  L  Item  352  J 


Item  773.     Machine  friction  of  the  locomotive  in  per  cent  of  indicated 
horse  power. 


Item  770 
Item  711 


jxioo 


Item  778.     Machine  efficiency  of  the  locomotive,  per  cent. 

Item  743 


rLtenW4d_-|    X  100 
L  Item  711  J 
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Item  779.     Efficiency  of  the  locomotive,  per  cent. 
254  655.8 


Item  746 

Constant  254  655.8  =  [  33  000  X  60  i    x  100 

L      777.52        J 

Item  785.     Ratio  of  total  weight  of  the  locomotive  to  the  maximum 
indicated  horse  power. 

Item   63 
Item  721 

Item  786.     Ratio  of  total  heating  surface  to  maximum  indicated  horse 
power. 

Item  275 
Item  721 

Item  851.     B.t.u.  absorbed  by  the  boiler  per  pound  of  coal  as  fired. 
Item  657  X  970.4 

Items  852,  853,  854,  855,  and  856  see  next  page. 

Item  857.     B.t.u.  loss  due  to  combustible  in  front-end  cinders. 

Item  422  X  Item  461 
Item  418 

Item  858.     B.t.u.  loss  due  to  combustible  in  stack  cinders. 

Item  423  X  Item  462 
Item  418 

Item  860.     B.t.u.  loss  due  to  combustible  in  ash. 

Item  428  X  Item  463 
Item  418 

Item  869.     B.t.u.  loss  due  to  radiation  and  unaccounted-for. 

Item  443— [Item  851  +Item  852  +  Item  853+  Item  854 
+  Item  855+  Item  856  +  Item  857  +  Item  858  +  Item  860] 
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I.     Introduction.* 

1.  Preliminary. — Probably  no  series  of  iron  alloys  has  received 
more  attention  in  recent  years  than  has  the  iron-silicon  series.  This 
is  largely  due  to  the  fact  that  some  of  these  alloys  have  proved  their 
superiority  over  pure  iron  and  other  iron  alloys  for  certain  very  im- 
portant purposes  in  the  electrical  industry.  The  iron-silicon  alloys, 
have  been  thoroughly  investigated  by  chemists,  metallurgists,  and 
physicists,  so  that  their  properties  are  generally  very  well  known. 
The  reason  that  this  series  of  alloys  has  again  been  the  object  of  an 
investigation  is  the  discovery  by  the  writer  about  two  years  ago  that 
the  magnetic  properties  of  pure  iron  that  is  melted  in  vacuo  are  far 
superior  to  any  other  grade  of  iron  known  at  that  time.f  It  was 
evident  that  this  superiority  was  due  to  the  purity  of  the  iron  pro- 
duced by  the  vacuum  process,  the  iron  thus  produced  containing  only 
0.01  per  cent  carbon.  A  new  standard  of  iron  purity  being  thus  pro- 
duced, it  became  desirable  to  repeat  previous  investigations  on  the 
properties  of  iron  alloys  with  this  new  standard  as  a  basis,  and  the 
present  bulletin  deals  primarily  with  iron-silicon  alloys  containing 
from  0.001  to  8.5  per  cent  silicon.}:  Besides  the  magnetic  properties 
the  bulletin  contains  data  concerning  the  electrical  and  mechanical 
properties  and  gives  chemical  analyses.  Photomicrographs  are  also 
shown  for  the  various  alloys. 

The  writer  wishes  to  express  his  appreciation  of  the  sympathy 
shown  and  assistance  rendered  by  members  of  various  departments 
in  the  University  of  Illinois.  In  particular  he  wishes  to  mention  Mr. 
W.  A.  Gatward,  Fellow  in  the  Engineering  Experiment  Station,  for 
the  conscientious  work  done  during  the  year,  largely  in  connection 
with  the  magnetic  testing,  but  also  in  many  other  ways.  The  chemical 
analysis  has  been  done  by  Mr.  J.  M.  Lindgren  and  Mr.  F.  H.  Whittum 
of  the  Chemistry  department  who  deserve  great  credit  for  the  thor- 
oughness with  which  they  have  accomplished  their  part  of  the  in- 
vestigation. 

II.     Historical  Review. 

2.  Mechanical  Properties. — The  effect  of  silicon  upon  the  me- 
chanical properties  of  iron  was  noticed  as  early  as  the  beginning  of 

*A  paper  containing  much  of  the  information  given  in  this  bulletin  was  presented 
before  the  American  Institute  of  Electrical  Engineers,  St.  Louis,  October  20,  1915.  (Trans. 
Am.  Inst,  of  Elect.  Engrs.  Vol.  34,  No.  10,  Oct.,   1915). 

fMagnetic  and  other  Properties  of  Electrolytic  Iron  Melted  in  Vacuo.  Bulletin  No. 
72,  Engineering  Experiment  Station.  Univ.  of  Illinois,  1914.  Trans.  Am.  Inst,  of  Elect. 
Engrs.    Vol.  33,  Part  I,  p.  451,   1914.    (A.  I.  E.  E.  Proceedings,  February,   1915,  p.  237). 

^Bulletin  No.  77  published  by  the  Engineering  Experiment  Station  deals  with  iron- 
boron  alloys,  melted  in  vacuo,  the  maximum  boron  content  being  0.50  per  cent. 
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the  last  century,  when  Mushet  found  that  quartz  sand  applied  to  mol- 
ten iron  made  the  iron  harder  and  more  brittle.  These  results  were 
later  confirmed  by  other  investigators,*  and  by  1880  it  was  generally 
accepted  that  silicon  increases  the  strength  of  iron  and  at  the  same 
time  it  tends  to  make  it  hard  and  brittle  if  added  in  quantities  above 
a  few  per  cent.  It  was  not  until  towards  the  end  of  the  century,  how- 
'ever,  that  systematic  investigations  of  the  iron-silicon  alloys  were 
made.  In  1887  Tilden,  Eoberts-Austen,  and  Turner t  carried  on  ex- 
tensive investigations  on  the  mechanical  properties  of  low  silicon  al- 
loys, containing  from  0.10  to  0.50  per  cent  silicon.  These  investigators 
found  that  silicon  increases  the  hardness,  raises  the  elastic  limit  and 
ultimate  strength,  and  decreases  the  elongation.  The  investigations 
were  continued  by  Hadfield  in  1889,  J  who  carried  the  silicon  content 
up  to  8.83  per  cent.  With  a  silicon  content  of  7.23  per  cent  and  8.83 
per  cent,  however,  the  ingots  could  not  be  forged,  so  that  the  highest 
silicon  alloy  tested  contained  4.90  per  cent  silicon.  The  results  ob- 
tained by  Hadfield  as  well  as  by  some  of  the  later  investigators  are 
shown  graphically  in  Figs,  la,  b,  and  2a,  b.  Pages  7,  8  and  9.  As  the 
carbon  content  in  the  alloys  used  in  the  above  investigations  was  com- 
paratively high,  varying  from  0.14  to  0.26  per  cent,  Baker, If  in  his  re- 
search on  iron-silicon  alloys  in  1903,  reduced  the  carbon  content  to  0.04 
per  cent.  This  was  accomplished  by  first  melting  the  iron  alone,  and 
then,  after  removing  the  slag,  adding  the  ferrosilicon.  The  charge 
was  kept  molten  for  15  minutes  longer,  and  was  then  cast  into  ingots. 
This  procedure  produced  an  iron  not  only  low  in  carbon,  but  low  in 
manganese  as  well.  Guillet§  in  1904  made  an  extensive  investigation  of 
the  microstructure  of  the  iron-silicon  alloys  with  silicon  contents  up 
to  30  per  cent.  He  also  studied  the  mechanical  properties  of  the  al- 
loys, but  his  results,  although  in  general  confirming  those  obtained  by 
his  predecessors,  are  not  strictly  comparable  to  them,  on  account  of 
the  high  and  varying  manganese  and  carbon  content.  Furthermore, 
only  four  of  his  alloys  were  forgeable,  namely,  those  containing  5.12 
per  cent  silicon  or  less.  However,  Guillet  confirmed  the  results  of 
Hadfield  with  regard  to  the  effect  of  carbon  upon  the  limit  of  forge- 
ability  of  the  iron-silicon  alloys.  Thus  he  found  that,  with  a  carbon 
content  of  0.94  per  cent,  the  limit  lies  below  5  per  cent  silicon.  Bisset** 


*See:   P.  Paglianti,   Metallurgie,  Vol.  9,  p.  217,   1912,  where  references  are  given  to 
early  investigators. 

fReport  of  British  Assoc,  for  the  Advancement  of  Science,   1888. 

tJourn.  Iron  and  Steel  Institute,  Vol.  36,   1889,  II,  p.  222. 

fiJourn.  Iron  and  Steel  Institute,  Vol.  64,   1903,  II,  p.  312. 

§Rev.  de  Metallurgie,  Memoirs,  Vol.  1,  p.  46,   1904. 

**Iron  Age,  Aug.  25,  1910. 
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states  that  silicon  adds  strength  to  iron  comparable  to  the  effect  of 
carbon,  but  in  other  respects  leaves  the  iron  unchanged.  Paglianti,* 
in  1912  investigated  the  properties  of  iron  silicon  alloys,  using  as  a 
basis  electro-converted  iron  with  a  carbon  content  of  0.10  per  cent 
and  with  manganese  varying  from  0.22  to  0.60  per  cent.  The  silicon 
was  added  in  the  form  of  50  per  cent  ferrosilicon,  and  the  specimens 
were  obtained  from  ingots  weighing  80  to  100  kg.  The  results  ob- 
tained by  these  various  investigators,  as  shown  in  Fig.  la,  b  differ 
considerably  in  numerical  values,  probably  due  partly  to  the  differ- 
ence in  the  purity  of  the  iron  used  as  a  basis,  and  partly  to  the 
method  of  melting  and  the  subsequent  mechanical-and  heat-treatment. 
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Fig.  la.    Mechanical  Properties  of  Iron-Silicon 

Alloys,  According  to  Various  Investigators. 

As  Forged. 


*Metallurgie,  Vol.   9,  p.   217,   1912. 

Rev.  de  Metal.    Extracts,  Vol.  11,  p.  4,  Jan.,   1914. 
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Table  1. 

Magnetic  and  Electrical  Properties  of  Hadfield's  Iron-Silicon 

Alloys. 


Mark 

Silicon 
% 

Max.  In- 
duction for 
H  =  45. 

Permea- 
bility for 
H  =  8 

Retentivity     Coercive 
in  Terms       Force  in 
of  B         Terms  of  H 

Energy   Dissi- 
pated per  Com- 
plete Cycle, 
ergs  per  cc. 

Spec.  Elec. 

Resistance. 

microhms 

S.  C.  I. 
3 

898  E 
898  H 

.07 

.14 

2.50 

5.50 

16800            1625 
16420            1680 
15980            1630 

9770 
4080 
3430 

1.66 
.90 
.85 

10760 
7900 
6500 

10.2 
10.9 
42.1 
65.2 

The  results  due  to  Baker,  for  example,  show  the  tensile  test  curves 
to  lie  considerably  to  the  right  of  those  due  to  the  other  investigators. 
This  fact,  in  conjunction  with  the  appearance  of  his  photomicro- 
graphs, suggests  that  part  of  the  silicon  in  his  alloys  may  be  in  the 
form  of  silica,  caused  by  the  method  of  melting.  In  view  of  these 
differences  it  is  not  strange  that  the  results  of  the  above  investigators 
should  disagree  to  some  extent. 

3.     Magnetic  and  Electrical  Properties. — In  connection  with  his 
investigation  of  the  mechanical  properties  of  iron-silicon  alloys  in 
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1889,  Hadfield*  touched  upon  their  magnetic  and  electrical  proper- 
ties. The  results  arrived  at  were  not  favorable,  as  it  was  found  ' '  that 
the  material  (containing  4.43  per  cent  silicon  and  .18  per  cent  car- 
bon) had  less  susceptibility  and  more  retentiveness  than  good  soft 
iron,  and  that  it  had  enormously  less  retentiveness  than  hard  steel 
suitable  for  magnet  making."  However,  Hadfield  continued  his  in- 
vestigations on  the  magnetic  properties  of  iron-silicon  alloys  and  in 
1900,  assisted  by  Barrett  and  Brown,  he  was  able  to  give  a  report  that 
was  quite  different  from  the  one  above  referred  to.f  Among  the 
large  number  of  alloys  investigated,  the  report  includes  two  iron- 
silicon  alloys,  containing  2.5  and  5.5  per  cent  silicon  respectively. 
The  results  show  (see  Table  1)  that  both  alloys  have  a  higher  maxi- 
mum permeability  and  a  decidedly  lower  hysteresis  loss  than  pure 
iron,  and  that  the  electrical  resistance  increases  at  the  rate  of  10  to 
12  microhms  per  c.  c.  for  each  per  cent  of  silicon  added.  $  This  re- 
markable discovery  caused  an  almost  immediate  adoption  of  the  sili- 
con-steel for  use  in  electrical  machinery,  particularly  in  transformers. 
It  also  gave  a  new  impetus  to  the  investigation  of  iron  and  steel  al- 
loys for  electrical  purposes,  and  a  large  number  of  investigators  have 
been  searching  for  new  treasures  in  this  field.  Except  for  permanent 
magnets,  however,  silicon  still  holds  the  first  place  as  the  alloying 
element,  giving  best  results  for  electromagnetic  machinery.^}  Among 
those  who  have  investigated  the  magnetic  and  electrical  properties  of 
iron-silicon  since  Hadfield 's  discovery,  only  a  few  will  be  mentioned 
in  the  following  review. 

Gumlich  and  Schmidt§  investigated  a  large  number  of  commer- 
cial steels  and  among  these  certain  iron-silicon  alloys,  in  general  con- 
firming the  results  of  Hadfield.  Baker,**  as  already  mentioned,  used 
a  very  pure  grade  of  iron,  the  carbon  content  being  only  0.04  per 
cent.  His  results  are  summarized  in  Table  2.  From  this  table  it  is 
seen  that  the  permeability  increases  and  the  coercive  force  and  hys- 


*Journ.  Iron  &  Steel  Inst.,  Vol.  36,  1889,  II,  p.  237. 

f Barrett,  Brown  &  Hadfield;  Scient.  Trans.  Royal  Dublin  Soc.  VII  Ser.  2,  PaPrt  4, 
Jan.,   1900. 

Barrett,   Brown  &   Hadfield:     Jour.  Inst,  of  Elect.   Engrs.  Vol.    31,   p.   674,    1901-02. 
Reviewed  by  E.  Gumlich:     Stahl  u  Eisen  1902,  No.  6,  p.  230. 

JThe  electrical  conductivity  of  iron  alloys  is  described  in  detail  by  Barrett:  Proc. 
Royal  Soc.  Vol.  69,  p.  480,   1902. 

fiThe  iron-cobalt  alloy  Fe2Co,  first  investigated  by  Weiss,  has  recently  been  investi- 
gated by  the  writer,  and  may  prove  to  be  a  valuable  material  on  account  of  its  high 
permeability  in  medium  and  high  fields.  See  Gen.  Elect.  Review.  Vol.  18,  p.  881, 
Sept.,   1915. 

§Elektrotech.     Zeitsch.     Vol.  22,  p,  691,    1901. 

**Journ.  Iron  and  Steel  Inst.  Vol.  64,   1903,  II,  p.   312. 
Journ.  Inst,  of  Elect.  Engrs.  Vol.   34,   p.  498,    1904-05. 
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Table  2. 
Magnetic  Properties  of  Iron-Silicon  Alloys,    (From  Baker). 


Silicon 

Max.  Induc- 

Permeability 

Retentivity 

Coercive 

Energy  Dissipated  per 

% 

tion  H  =  20 
16000 

for  H  =  4 

Force 

Complete  Cycle 

0.02 

2325 

8375 

1.8 

10550  ergs  per  cc 

1.02 

16200 

2562 

8000 

1.7 

8798      "       "     " 

2.90 

15500 

2750 

7325 

1.5 

8081      "       "     " 

4.89 

14750 

2665 

7200 

1.2 

6110      "        "     " 

7.47 

14000 

2937 

9000 

1.0 

5613      "        "     '* 

teresis  loss  decrease  with  increasing  silicon  content  up  to  the  limit  of 
forgeability. 

Dillner  and  Engstrom,*  in  contradiction  to  other  investigators, 
found  silicon  to  reduce  the  permeability  and  increase  the  hysteresis 
loss  of  sheet  iron.  By  using  silicon  and  aluminum  together  in  certain 
proportions  the  best  results  were  obtained. 

Guertlerf  investigated  the  electrical  conductivity  of  numerous  al- 
loys of  iron  with  all  the  more  common  elements.  From  the  curves 
given  the  resistance  of  the  3.4  per  cent  iron-silicon  alloy  is  shown  to 
be  50  microhms  per  cu.  cm.  confirming  the  results  obtained  by  Barrett. 

Burgess  and  Aston:):  have  investigated  a  large  number  of  iron  al- 
loys, using  doubly  refined  electrolytic  iron  as  a  basis.  This  iron,  con- 
taining only  0.03  per  cent  impurities,  was  melted  in  an  electric  re- 
sistance furnace  together  with  the  alloying  element.  This  method  of 
melting,  however,  proved  to  involve  some  danger,  inasmuch  as  the  iron 
would  decompose  the  carbon  monoxide  gases  in  the  furnace  and  com- 
bine with  small  quantities  of  carbon  and  oxygen.fi  Burgess  and  Aston 
found  that  silicon  improves  the  iron  magnetically,  the  4.65  per  cent 
alloy  having  a  decidedly  lower  hysteresis  loss  than  their  pure  iron 
standard. 

Gumlich  and  Goerens§  in  1912  carried  out  researches  on  iron- 
silicon  alloys  using  samples  made  for  them  for  the  purpose  by  the 
firm  of  Krupp  at  Essen.  The  results  are  summarized  in  Table  3. 
It  is  seen  from  this  table  that  for  rods  the  coercive  force  and  prob- 
ably also  the  hysteresis  loss  is  a  minimum  in  the  region  of  4  per  cent 
silicon,  as  shown  by  previous  investigators,  while  for  sheets  the  mini- 
mum occurs  at  0.50  per  cent  silicon.     This  difference  between  sheets 


*Journ.  Iron  and  Steel  Inst.  Vol.  67,   1905,  I,  p.  474. 
tZeitschr.  Anorg.   Chemie.     Vol.   51,   p.   397,    1906. 
JMet.  and  Chem.  Eng'n.     March,  1910. 

fiThis  was  shown  by  the  writer  to   be  the   case  in  his  own  preliminary   experiments, 
described  in  Bulletin  No.  72  of  the  Eng.  Exp.  Sta.  Univ.  of  111.      1914. 
§Trans.    Faraday  Soc.  Vol.  8,  p.  98,  1912. 
Ferrum   10    (12)   p.   33,    1912;     Chem.   Zentr.  Bl.     [5]    17    (13)    p.    380. 
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Table  3. 

Magnetic  Properties  of  Iron  Silicon  Alloys  (From  Gumlich 
and  goerens.)     samples  annealed  at  800°  c. 


Silicon 

Coercive  Force 

Maximum  Permeability 

Saturation  Value,  4  ^.Is 

% 

Sheets 

Rods 

Sheets 

Rods 

.06 

1.80 

1.25 

3000 

3000 

21200 

.15 

.70 

1.10 

•    •    •    • 

21300 

.30 

.65 

1.15 

•    •    •    • 

21200 

.40 

.54 

1.20 

11600 

2800 

21150 

.60 

.80 

1.30 

2400 

21050 

.90 

.75 

1.50 

•    •    •    • 

20950 

1.00 

.80 

1.30 

8500 

3500 

20900 

1.65 

.70 

1.20 

20600 

1.95 

.75 

1.25 

2900 

20400 

2.35 

.85 

1.00 

7700 

2700 

20300 

3.70 

.85 

.65 

•    •    •    • 

4900 

19750 

4.00 

.  .  . 

9400 

4100 

4.50 

1.05 

.65 

5500 

4400 

19100 

5.25 

... 

.75 

•  •  •  • 

4300 

18300 

8.60 

.95 

.... 

3000 

16100 

These  values  are  only  approximate  as  they  are  obtained  from  curves. 
The  flux  densities  are  not  given. 

and  rods  could  not  be  accounted  for  at  the  time  of  the  report,  but 
was  being  investigated.  For  sheets  the  maximum  permeability  curve 
has  two  maxima,  one,  of  11600,  occuring  at  0.40  per  cent  silicon,  and 
the  other,  of  9400,  at  4  per  cent  silicon.  For  rods,  only  one  maximum 
occurs,  namely  4900,  at  3.7  per  cent  silicon.  In  view  of  the  saturation 
values,  and  of  the  photomicrographs  and  chemical  analysis,  the  authors 
are  of  the  opinion,  previously  suggested  by  Hadfield  and  Hopkinson,* 
that  silicon  has  not  directly  any  improving  influence  on  the  iron,  but 
that  the  improvement  is  due  to  the  neutralizing  effect  of  silicon  upon 
the  carbon  contained  in  the  iron.  Thus,  silicon  appears  to  convert  all 
the  carbon  from  the  dissolved  form  into  either  cementite  or  graphite ; 
and  even  to  prevent  the  formation  of  hardening  carbon  by  quenching. 
The  correctness  of  this  opinion  is  apparently  borne  out  by  the  values 
for  the  coercive  force  before  and  after  annealing  for  a  number  of  sili- 
con alloys  containing  relatively  large  amounts  of  carbon. 

The  conclusions  arrived  at  by  Gumlich  and  Goerens  have  received 
further  confirmation  by  the  results  obtained  by  Paglianti.f  In  Table 
4  the  magnetic  properties  of  a  few  of  his  alloys  have  been  given.  The 
carbon  content  is  approximately  0.10  per  cent.  It  is  seen  from  this 
table  that  quenching  increases  the  coercive  force  4  to  7  times  for  low 
silicon  iron,  and  only  twice  for  high  silicon  iron.  Similarly  the 
hysteresis  loss  is  increased  2y2  to  4%  times  for  low,  and  only  1V4 


1914. 


*Journ.  Inst.  Elect.  Engrs.  Vol.  46,  p.   235,    1911. 
fMetallurgie,  Vol.   9,   p    217,    1912;    Rev.  de  Metall. 


Extracts,    Vol.   11,  p.   4,   Jan., 
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Table  4. 

Magnetic  and  Electrical  Properties  of  Iron-Silicon  Alloys 

(From  Paglianti) 


Coercive 

Hysteresis 

Maximum 

Force 

Retentivity 

Loss 

Spec.  Elect. 

Alloy 

Silicon 

Heat  treat- 

Permea- 

for Bmax 

for  Bmax  = 

for  Bmax  = 

No. 

% 

ment 

bility 

=  16000 

16000. 

16000.  ergs 

microhms 

..max 

r 

gilberts 

gausses 

per  cc. 

per  cm. 

per  cycle 

1 

.24 

A 

980 

4.75 

10075 

17865 

16.98 

3 

.67 

985 

4.25 

9100 

15700 

22.20 

7 

2.35 

As 

1200 

3.10 

7375 

13890 

42.50 

10 

5.26 

forged 

1900 

1.75 

7900 

9650 

66.00 

1 

.24 

B 

1475 

2.37 

7200 

10700 

15.62 

3 

.67 

Annealed 

1600 

2.42 

7650 

11550 

21.00 

7 

2.35 

at  1100° 

3200 

.78 

4625 

3900 

39.10 

10 

5.26 

C,   cooled 
in  36  honrs 

2760 

.85 

4000 

4900 

64.50 

1 

.24 

K 

500 

8.37 

7975 

28600 

16.66 

3 

.67 

Annealed 

320 

15.87 

8975 

46100 

22.20 

7 

2.35 

at  1100° 

1400 

1.50 

3500 

7350 

41.50 

10 

5.26 

Slowly 

cooled 

to  900°. 

Quenched 

in  water 

from  900° 

925 

1.75 

2400 

6500 

66.00 

times  for  high  silicon  iron.  Again,  the  retentivity  is  increased  for 
low  silicon  but  considerably  decreased  for  high  silicon.  All  these  re- 
sults apparently  point  in  the  direction  suggested  by  Gumlich.  Taking 
into  account  both  the  hysteresis  loss  and  eddycurrent  loss  as  well  as 
the  mechanical  properties  of  the  alloys,  Paglianti  concludes  that  the 
2  per  cent  alloy  has  the  most  favorable  characteristics  for  electro- 
magnetic machinery.  This  conclusion  is  based  on  the  assumption  that 
the  eddycurrent  loss  varies  inversely  as  the  resistance  of  the  material, 
an  assumption  which  according  to  recent  investigations  by  Ball  and 
Ruder*  is  not  strictly  correct.  No  law  could  be  found  by  them  for 
expressing  the  dependence  of  eddycurrent  loss  on  resistivity,  except 
that  the  loss  in  general  decreases  with  increasing  resistance,  but  at  a 
slower  rate.  However,  this  discovery  would  not  change  Paglianti 's 
conclusion,  as  it  would  favor  the  low  rather  than  the  high  silicon  con- 
tent, and  a  silicon  content  much  below  2  per  cent  would  be  out  of  the 
question  in  any  case. 

4.  Metallography. — The  effect  of  silicon  upon  some  of  the  physical 
properties  of  iron  having  been  dealt  with  in  the  two  previous  sections, 
it  remains  to  inquire  into  the  manner  in  which  silicon  has  been  found 
to  influence  the  structure  of  the  iron,  and  the  relation  between  the 


*Gen.  Elect.  Review,  Vol.  17,  p.  487,  May,   1914. 
Electrician  Vol.  74.  p.  55,  1914. 
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structural  and  physical  properties,  although  this  has  already  been 
touched  upon. 

The  metallography  of  the  iron-silicon  series  was  investigated  by 
Osmond*  in  1890,  followed  by  Arnold f  and  Baker. $  By  their  ex- 
periments the  polymorphic  transformation  points,  Ar2  and  Ara  were 
established  with  some  degree  of  certainty  for  alloys  containing  up  to 
about  8  per  cent  silicon.  Later,  Guertler  and  Tammannfl  investigated 
the  complete  series,  but  only  that  part  which  deals  with  crystallization 
from  the  liquid  to  the  solid  state  is  as  yet  available,  (Fig.  3.) 

However,  from  the  data  thus  obtained  Gontermann§  has  worked 
out  an  equilibrium  diagram  for  the  iron-silicon  alloys  up  to  the  first 
eutectic  point,  21.4  per  cent  silicon.  The  diagram  is  shown  in  Fig.  4, 
where  the  curves  that  have  not  been  established  by  experiments  are 
shown  broken.  According  to  this  diagram,  silicon  in  quantities  of 
about  15  per  cent  or  less  remains  dissolved  in  the  iron  throughout  all 
the  allotropic  modifications  of  the  latter.  If  the  solution  contains 
more  than  15  per  cent  silicon,  two  different  crystals  are  formed  upon 
cooling,  namely  the  mixed  saturated  crystal  of  iron  and  silicon,  con- 
taining about  15  per  cent  silicon,  and  a  crystal  of  the  composition 
FeSi.** 

The  results  of  the  above  investigations  are  confirmed  by  the  photo- 
micrographs published  by  Baker,!  Guillet,ff  Guertler  and  Tam- 
mann,TJ  Gumlich  and  Goerens,||  and  Paglianti.lffl  These  shows  that 
with  a  silicon  content  of  15  per  cent  or  less  there  is  only  one  kind  of 
crystal  present  in  the  alloys,  with  the  exception — in  the  low  silicon 
alloys — of  the  cementite  crystals  caused  by  the  carbon  present  in  the 
iron  to  a  more  or  less  extent.  With  a  higher  silicon  content,  above 
3  or  4  per  cent,  carbon  is  no  longer  precipitated  as  cementite,  but  as 
graphite,  and  appears  in  the  forms  of  black  spots  on  the  surface  of 
the  polished  specimens. 


*Journ.  Iron  &   Steel  Inst.     Vol.   37,    1890,   I,   p.   62. 

f  Journ.   Iron  &    Steel  Inst.     Vol.   45,    1894,   I,   p.    107. 

JJourn.   Iron  &   Steel  Inst.     Vol.   64,    1903,   II,   p.   312. 

flZeitschr.   Anorg.   Chem.  Vol.   47,   p.    163,    1905. 

IZeitschr.   Anorg.   Chem.   Vol.   59,   p.   384,    1908. 
Journ.   Iron  &   Steel  Inst.  Vol.   83,    1911,    I,    p.   431. 

** According  to  Guertler  and  Tammann  the  20  per  cent  alloy  forms  the  compound 
Fe2Si,  and  this  in  turn  forms  a  eutectic  with  FeSi  when  the  alloy  contains  21.4  per  cent 
silicon. 

ffRev.  de  Metallurgie,  Memoirs,  Vol.   1,  p.  46,    1904. 

UTrans.   Faraday  Soc.   Vol.   8,   p.  98,    1912. 

M Metallurgie,    Vol.    9,    p.    217,    1912. 
Rev.   de   Metallurgie,  Extracts,   Vol.   11,    p.  4,    1914. 
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Silicon  Content  -percent 
3.    Phase  Diagram  of  Iron-Silicon  According  to  Guertler 
and  Tammann. 


With  regard  to  the  exact  manner  in  which  the  precipitation  of 
carbon  takes  place  in  the  presence  of  silicon,  the  writer  has  found 
no  definite  explanation.  Wiist  and  Petersen*  and  Gontermann  have 
made  a  thorough  study  of  the  ternary  system,  iron-silicon-carbon. 
The  latter  suggests  that  graphite  is  partly  formed  by  a  separation  out 
of  supersaturated  silico-austenite  and  partly  by  the  dissociation  of 
silico-cementite. 

5.  Summary  of  Historical  Review. — The  information  gathered 
from  this  review  as  to  the  action  of  silicon  upon  iron  may  be  sum- 
marized as  follows: 

(a)  Silicon  is  soluble  in  quantities  up  to  about  15  per  cent  in  all 
the  allotropic  modifications  of  iron.  In  the  presence  of  silicon,  carbon 
is  readily  precipitated,  and  if  sufficient  silicon  is  present, — above  4 
per  cent, — carbon  may  be  completely  precipitated  as  graphite,  even 
though  the  solution  should  be  rapidly  cooled  from  the  molten  state. 

(b)  It  has  been  shown  that  carbon  in  the  form  of  graphite  has  a 
much  less  damaging  effect  upon  the  magnetic  properties  of  iron  than 
it  has  in  the  dissolved  form  or  in  the  form  of  cementite.    As  silicon 

*Metallurgie,  Vol.  3,  p.  811,   1906. 
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Fig.  4.    Equilibrium  Diagram  for  Iron-Silicon  Allots  According 

to  Gontermann. 

precipitates  carbon  as  graphite,  it  is  readily  seen  why  silicon  indirectly 
should  have  a  beneficial  effect  upon  the  magnetic  properties  of  iron, 
since  even  the  purest  iron  contains  small  amounts  of  carbon.  The 
most  favorable  silicon  content  varies,  according  to  the  various  in- 
vestigators, from  2  to  4  per  cent. 

(c).  Silicon  increases  the  electrical  resistance  of  iron  by  10  to  12 
microhms  per  cu.  cm.  for  each  per  cent  added.  As  the  eddycurrent 
loss  decreases  with  an  increase  in  resistance,  it  follows  that  the  silicon 
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content  should  be  made  as  high  as  possible  without  loss  of  the  most 
favorable  magnetic  properties. 

(d).  Silicon  in  quantities  up  to  4  per  cent  increases  the  strength 
of  iron  in  proportion  to  the  amount  added.  If  more  than  4  per  cent 
is  added  the  strength  decreases  rapidly  probably  due  to  the  formation 
of  graphite,  and  the  yield  point  coincides  with  the  breaking  point. 
The  ductility  is  but  little  affected  by  the  silicon  below  2.5  per  cent; 
above  this  amount  the  alloys  are  brittle,  and  with  4  per  cent  or  more 
the  elongation  and  reduction  of  area  are  nil.  With  7  per  cent  or 
more  silicon,  the  alloys  are  not  forgeable.  Unlike  carbon,  silicon  does 
not  confer  upon  iron  the  property  of  becoming  hardened  when  water- 
quenched. 

III.     Material,  Apparatus  and  Methods 

Although  details  with  regard  to  the  methods  of  testing  were  given 
in  Bulletin  No.  72,  so  many  changes  have  been  made  since  its  appear- 
ance, that  it  seems  desirable  to  describe  these  changes  as  well  as  to 
review  briefly  the  apparatus  and  methods  as  a  whole.  Where  details 
are  lacking  the  reader  is  referred  to  Bulletin  No.  72. 

6.  Iron — The  iron  used  as  the  basis  of  the  investigation  consisted 
of  doubly  refined  electrolytic  iron,  containing  0.006  to  0.01  per  cent 
carbon  and  0.01  per  cent  silicon.  Before  being  used,  the  iron  was 
thoroughly  cleaned  with  HC1,  distilled  water  and  alcohol  and  then 
dried  by  means  of  ether  in  vacuo. 

7.  Silicon. — The  analysis  of  the  silicon  used  as  the  alloying  ele- 
ment gave  the  following  result : 

Si 92.23  % 

Fe 8.50    " 

C 016  " 


100.746  % 

8.  Melting. — About  600  grams  of  iron  and  silicon  in  the  desired 
proportion  were  placed  in  a  crucible,  made  from  fused  magnesia,  and 
covered  by  means  of  a  magnesia  cover.  The  melting  was  done  in  an 
Arsem  type  vacuum  furnace,  Fig.  5,  under  a  finishing  pressure  of 
0.5  mm.  of  mercury,  measured  by  means  of  a  McLeod  gage.  To  ob- 
tain this  vacuum  it  was  necessary,  after  the  preliminary  low  heating, 
to  bring  the  temperature  of  the  carbon  heating  element  up  to  as  high 
a  temperature  as  possible  before  the  iron  should  have  time  to  melt 
and  begin  to  vaporize.  This  was  accomplished  by  an  input  of  about 
14  KW.    By  this  method  large  amounts  of  occluded  gases  were  driven 
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out  of  the  carbon,  that  otherwise  would  have  prevented  a  good  vacuum 
from  being  reached  within  a  reasonable  time.  In  about  15  minutes 
the  iron  would  begin  to  vaporize  from  the  hottest  parts  of  the  crucible, 


Fig.  5.     Furnace  Room,  Showing  Vacuum  Furnaces. 


and,  if  the  input  was  maintained,  iron  vapor  arcs  were  formed  that 
would  practically  cause  a  short-circuit  of  the  furnace.  The  input 
was,  therefore,  decreased  from  14  to  12  KW  and  maintained  there 
for  about  1  hour.  At  the  beginning  of  this  period  the  iron  would  be 
molten  and  the  pressure  would  be  about  2.0  mm,  while  at  the  end  of 
the  period  the  pressure  would  have  decreased  to  1.0  mm.  To  further 
reduce  the  pressure  the  input  was  decreased  to  11  KW,  this  being 
just  sufficient  to  keep  pure  iron  molten.  The  carbon,  having  been 
allowed  to  cool  off,  would  absorb  some  of  the  gases  in  the  furnace  and 
at  the  end  of  another  one-hour  period  a  pressure  of  0.5  mm.  was 
obtained.  With  the  high  silicon  alloys  the  input  could  be  reduced 
still  further  before  the  iron  started  to  freeze,  and  consequently  lower 
pressures — as  low  as  0.3  mm — could  be  obtained.  The  ingot  was  then 
allowed  to  cool  in  the  furnace  so  as  to  prevent  oxydation.  When  re- 
moved from  the  furnace  the  tops  of  the  ingots  would  be  perfectly 
bright,  occasionally  having  the  appearance  shown  in  Fig.  6,  due  to  a 
thin  film  of  slag,  probabaly  Si02. 

9.     Forging. — The  forging  was  done  by  heating  the  ingots  in  an 
ordinary  coke  forge  to  a  cherry  red,  and  drawing  them  out  into  rods 
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Fig.  6.     Top  Surface  of  a  Pure  Iron  Ingot 
as  Eemoved  from  Furnace. 

about  y2"  (1.25  cm)  x20"  (50  cm)  under  a  steam  or  other  power 
driven  hammer.  No  difficulty  was  experienced  in  the  forging  of  the 
alloys  with  exception  of  those  containing  2.55,  and  8.55  per  cent  sili- 
con, both  of  which  fell  to  pieces  by  the  first  blows  of  the  hammer. 
That  the  latter  should  not  forge  was  not  surprising,  but  that  an  alloy 
containing  2.55  per  cent  silicon  was  non-forgeable  was  quite  new.  On 
that  account  a  second  ingot  was  made,  that  analyzed  2.57  per  cent 
silicon.  It,  too,  broke  down  into  a  mass  of  large  crystals  just  like 
the  previous  ingot,  The  pieces  from  the  2.57  per  cent  alloy  are  shown 
in  Fig.  30a2  showing  crystals  varying  in  size  from  %"  (3.2  mm)  to 
14"  (6.4  mm)  across.  The  8.55  per  cent  alloy  is  shown  in  Fig.  39, 
exhibiting  crystals  considerably  smaller  than  the  2.57  per  cent  alloy. 
The  rest  of  the  alloys  forged  very  well,  but  as  the  silicon  content  in- 
creased above  3  per  cent  the  alloys  became  increasingly  harder,  and  the 
6.57  per  cent  ingot  had  to  be  heated  repeatedly  to  a  high  temperature 
before  it  could  be  drawn  out. 

10.  Testpieces. — From  the  forged  rods  the  following  testpieces 
were  prepared : 

(a).  One  testpiece  for  the  magnetic  and  electrical  tests,  0.392" 
(0.996  cm)  in  diameter  and  14"  (35.5  cm)  long. 

(b).  Two  testpieces  for  the  mechanical  tests,  having  a  middle  sec- 
tion 0.3"  (0.76  cm)  in  diameter  and  1.5"  (3.8  cm)  long,  with  threaded 
ends  0.5"  x  0.5"  (1.25  cm).     (See  Fig.  13.) 

(c).  One  small  sample  for  the  metallographic  investigation. 

The  shavings  obtained  by  the  process  of  preparing  these  testpieces 
were  collected,  after  first  removing  the  exposed  parts  of  the  rods,  and 
used  for  chemical  analysis. 
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All  the  rods  machined  without  any  particular  difficulty,  with  the 
exception  of  the  6.57  per  cent  rod.  This  rod  broke  repeatedly  in  the 
lathe  in  spite  of  the  care  exercised  by  the  machinist.  The  vibration 
was  evidently  sufficient  to  break  it.  No  magnetic  testpiece  was  there- 
fore obtained  from  this  rod,  and  mechanical  testpieces  were  secured 
only  by  omitting  the  threads  at  the  ends.  These  testpieces,  therefore, 
had  to  be  tested  between  flat  grips,  instead  of  screw  sockets. 

11.  Magnetic  Testing. — The  magnetic  testing  was  done  by  means 
of  the  Burrows  compensated  double  bar  and  yoke  method,*  now  gen- 
erally adopted  wherever  accurate  testing  is  desired.  The  apparatus 
used  in  the  previous  parts  of  the  investigation  was  superseded  by 
one  requiring  a  14"  (35.5  cm)  rod,  instead  of  a  12"  (30.5  cm)  rod  as 
previously  used,  and  the  distance  between  the  rods  was  shortened. 
These  changes  were  made  in  order  to  decrease  the  errors  due  to  the 
ends  of  the  various  coils.  With  the  new  apparatus,  shown  in  Fig.  7, 
and  Fig.  8,  the  error  in  H,  as  measured  by  the  magnetizing  current  in 
the  main  coil,  and  with  the  same  current  in  all  three  coils,  has  been  cal- 
culated according  to  the  method  described  in  Bull.  No.  72,  and  found 
to  be  -0.02  per  cent.    With  the  highest  permeability  rods,  however,  it 


Fig.  8.    Magnetic  Testing  Apparatus. 


*Bull.   Bureau  of  Standards.     Vol.   6.     No.   1.    Reprint  No.   117. 
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was  found  that  the  current  in  the  compensating  coils  in  exceptional 
cases  had  to  be  30  times  the  current  in  the  main  and  auxiliary  coils. 
Consequently,  the  maximum  error  in  H  is  found  to  be  2.30  per  cent, 
that  is,  H  as  measured  should  be  increased  by  2.30  per  cent.  Cor- 
rections have  been  made  in  the  results  according  to  these  theoretical 
calculations,  but  as  will  be  shown  in  section  III,  it  is  probable  that 
the  errors  are  larger  than  these  would  lead  to. 

A  Grassot  fluxmeter  was  used  for  the  measurement  of  B.  In  this 
instrument  the  deflection  is  independent  of  the  duration  of  the  mag- 
netic change,  a  feature  which  is  essential  in  testing  iron  of  high  per- 
meability and  Ioav  resistance.  With  the  high  resistance  silicon  alloys 
a  long  period  ballistic  galvanometer  would  probably  serve  the  purpose. 

The  apparatus  was  calibrated  from  time  to  time  by  means  of  an 
aircoil,  and  also  by  means  of  rods  submitted  to  the  Bureau  of  Stand- 
ards for  standardization.  The  results  obtained  by  the  writer  check 
very  well  with  those  obtained  by  the  Bureau  and  also  with  results 
obtained  by  the  calibration  laboratories  of  two  of  the  large  manu- 
facturing companies.  As  will  be  shown  in  section  III,  care  has  to 
be  exercised  in  clamping  the  rods  between  the  yokes,  as  a  very  slight 
strain  due  to  bending  has  a  considerable  influence  upon  the  perme- 
ability of  the  high  permeability  rods. 

12.  Heat -treatments. — The  rods  were  tested  magnetically  and  elec- 
trically and  photomicrographs  were  obtained  after  the  following  treat- 
ments : 

(a).  As  forged 

(b).  Annealed  at  900°  C.  Cooled  at  a  rate  of  30°  per  hour 
(c).  Annealed  at  1100°  C.  Cooled  at  a  rate  of  30°  per  hour 
The  annealing  was  done  in  vacuo,  by  means  of  the  furnace  shown 
in  Fig.  5  and  Fig.  9.  This  is  a  special  type  Hoskins  resistor  furnace, 
fitted  with  two  electroquartz  tubes,  one  inside  the  other.  The  test- 
pieces  were  placed  in  the  center  of  the  inner  tube  around  the  pyro- 
meter protecting  tube  in  such  a  way  that  the  end  of  the  pyrometer 
was  located  at  the  center  of  the  rods.  The  containing  tube  was  then 
filled  with  magnesia  and  the  ends  closed  by  means  of  rubber  stoppers 
and  sealed  with  mercury.  A  vacuum  of  0.2  mm  to  0.1  mm  was  main- 
tained during  the  entire  heat  treatment.  Accidents  happened  occa- 
sionally through  the  breaking  of  the  tube  or  leak  in  the  ends,  destroy- 
ing the  rods  in  one  case,  but  ordinarily  the  rods  after  removal  from 
the  furnace  needed  very  little  cleaning.  A  trial  experiment  was  made 
using  nitrogen  by  first  evacuating  the  furnace,  and  then  filling  it  with 
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nitrogen  obtained  by  drawing  air  through  four  gas  wash  bottles  filled 
with  pyrogallic  acid  and  one  bottle  filled  with  concentrated  sulphuric 
acid.  This  experiment  gave  rods  practically  free  from  scale  and  may 
prove  a  convenient  method  for  annealing,  but  the  rods  used  in  this 
trial  were  discarded  as  far  as  this  report  is  concerned.  Practically 
uniform  cooling  of  the  rods  was  obtained  by  means  of  a  regulator  that 
automatically  inserted  resistance  in  the  circuit  every  half  hour. 


Fig.  9.     Vacuum  Annealing  Furnace. 


13.  Photomicrographs. — These  were  obtained  by  polishing  in  the 
usual  way  using  jewelers'  rouge  for  the  final  polishing.  Great  care 
had  to  be  used  with  the  higher  silicon  alloys.  Numerous  small  spots 
would  appear  on  the  surface  of  some  of  the  specimens,  too  numerous 
to  be  caused  by  graphite,  as  the  carbon  content  amounted  to  only  0.01 
to  0.02  per  cent.  Fig.  10  shows  a  peculiar  formation  on  one  of  these 
specimens  before  etching.  By  careful  polishing  the  spots  were  in 
most  cases  removed,  as  seen  by  the  photomicrographs  shown  in  section 
IV. 

The  etching  was  generally  done  by  means  of  saturated  picric  acid 
in  alcohol.  In  a  few  cases,  however,  a  10%  solution  of  nitric  acid  in 
alcohol  was  found  to  give  more  satisfactory  results. 

The  highest  silicon  alloys,  containing  4.92  and  6.57  per  cent  re- 
spectively, had  to  be  washed  with  dilute  hydrofluoric  acid  to  remove 
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Fig.  10.    Peculiar  Formation. 

Black  spots  would  appear  in  polishing  some  of 
the  high  silicon  specimens,  too  numerous  to  be 
caused  by  graphite.  This  photomicrograph 
shows  a  peculiar  formation  of  these  black  spots. 
By  careful  and  prolonged  polishing  the  spots 
would  nearly  all  disappear. 

Alloy  No.   3Si27.    2.73%   Si. 

20  Diam.    Unetched. 

the  thin  film  of  a  silicon  composition  that  invariably  formed  on  the 
surface  after  etching.* 

14.  Mechanical  Testing. — The  mechanical  testing  consisted  in  ob- 
taining the  yield  point,  ultimate  strength,  the  elongation  before  the 
specimen  had  commenced  to  l '  neck, ' '  the  ultimate  elongation,  and  the 
reduction  of  area  at  the  point  of  fracture.  The  testing  was  done  on 
an  Olsen  10000-pound  testing  machine,  in  which  the  test  pieces  were 
secured  between  screw  sockets.  The  load  was  applied  uniformly  by 
means  of  an  electric  motor,  and  in  most  cases  the  yield  point  was  de- 
tected with  certainty.  As  stated  before,  the  testpieces  from  the  6.57 
per  cent  alloy  could  not  be  threaded  on  account  of  their  brittleness 
and  had  to  be  tested  between  flat  grips. 

IV.     Magnetic  Testing.     Effect  of  Strain  and  Compensating 

Current. 

While  it  is  well  known  that  mechanical  stress  affects  the  magnetic 
properties  of  iron,  it  was  at  first  considered  safe  to  clamp  the  magnetic 
test  rods  in  the  permeameter  without  regard  to  the  method  of  clamp- 
ing, on  the  assumption  that  the  strain  due  to  the  clamping  would  be 
negligible.    It  was,  however,  noticed  that  in  certain  cases  the  perme- 

*L.   Guillet:     Rev.  de  Metallurgie,   Memoirs,   Vol.   1,   p.   46,   1904. 
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ability  increased  materially  by  turning  the  rods  from  one  position  to 
another  and  reclamping,  while  in  other  cases  the  opposite  took  place. 
It  soon  became  evident  that  this  change  of  permeability  was  due  to 
mechanical  strain,  in  such  a  way  that  the  least  strain  gave  the  highest 
permeability. *  In  the  construction  of  the  permeameter  used  in  the 
present  investigation,  particular  attention  was  given  to  the  yokes  to 
be  sure  that  the  holes  for  receiving  the  rods  were  perfectly  parallel. 
However,  even  with  these  yokes,  inconsistencies  were  observed  that 
finally  were  traced  to  strain.  Table  5  gives  the  results  obtained  by 
different  methods  of  clamping.  It  shows  (Table  5a)  that  by  tight 
clamping  the  values  of  B,  for  H  =  0.5,  may  vary  from  8000  to  11000 
for  the  same  rod,  that  is,  about  30  per  cent,  and  that  it  seems  to  make 
little  difference  which  rod  is  used  as  auxiliary.  With  the  yokes 
clamped  so  as  to  give  good  contact  and  yet  not  strain  the  rods,  the 
results  vary  only  about  1  per  cent,  and  this  may  be  due  to  influences 
other  than  mechanical  strain.  The  figures  for  tight  yokes  show  that 
it  is  possible  to  have  the  yokes  tight  and  yet  have  little  strain  on  the 
rods,  but  there  is  no  way  to  ascertain  whether  the  rods  are  strained, 
if  the  yokes  are  tight. 

Table  5b  shows,  perhaps  even  more  convincingly,  that  the  incon- 
sistent results  shown  in  5a,  are  due  to  strain.  Starting  with  no  strain 
on  the  rods  and  the  circuits  balanced,  the  value  for  B  was  found  to 
be  11460,  which  is  considered  to  be  the  correct  value  for  the  rod  used. 
Without  changing  any  of  the  magnetizing  currents  the  yokes  were 
then  tightened.  Under  this  new  condition  the  contact  between  the 
yokes  and  the  rods  were  better  than  under  the  first  condition  and 
should  require  a  smaller  compensating  current  to  balance  the  mag- 
nectic  circuit.  In  spite  of  the  too  high  compensating  current,  B  was 
apparently  decreased  to  11300.  Balancing  the  magnetic  circuit  shows 
the  true  value  of  B  under  this  condition  to  be  10550.  Leaving  the 
magnetizing  currents  unchanged,  the  yokes  were  then  loosened  (con- 
dition 4).  The  compensating  current  under  this  condition  was  nat- 
urally too  small,  as  the  contact  was  not  as  good  as  before,  and  yet  the 
apparent  value  of  B  was  increased  to  11460.  This  is  probably  the 
most  forceful  evidence  in  favor  of  the  contention.  Balancing  the  cir- 
cuit (condition  5)  shows  the  true  value  to  be  11460,  the  same  as  under 
condition  4.  This  is  evidently  due  to  the  fact  that  the  auxiliary  rod 
had  been  strained  more  than  the  main  rod,  shown  by  the  necessity  of 
decreasing  Haux  from  0.8  to  0.7. 


♦Bulletin  No.   72   Eng.   Exp.    Sta.   p.  40. 
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Table  5. 

Effect  of  Strain  and  Compensating  Current 
on  Magnetic  Testing. 

test  rod  no.  3sil4c  with  various  auxilliary  rods. 

Induction  B,  for  H  =  0.5. 


Aux.   rod 
used 


3-54B 
3Si09C 
3SH0C 
3SH1C 
3Sil2C 
3SH3C 


Rods  more  or  less  strained,  due  to  tight  yokes. 


Series  1 


Series  2 
after  reclamping 


Series  3 
after  reclamping  and 
cleaning  ends  of  rods 


Yokes  loose,  no  strain 


9330 

9900 

10110 

11060 

9650 

10850 


9800 

8240 

10250 

10250 

10670 

9230 


Series  4 


9250 

11700 

8040 

11600 

8940 

11800 

11160 

11800 

8290 

11700 

8600 

11700 

b. 


TEST  ROD  NO.    3SilOC  WITH  AUXILLIARY   ROD   NO. 

Induction  B,  for  H  =  0.5. 


3Si09C. 


Cond.  No. 

Method  of  Clamping. 

Haux         | 

for  3Si09C 

Compensating 
Current,  Ic 

B 

for  3SilOO 

1 

Yokes  loose,  no  strain  on  rods,  no  air  gap 

between  rods  and  yokes 

0.7 

.059 

11460 

2 

Yokes  tight,  rods  strained,  magnetizing  cur- 

rents same  as  above 

same 

same 

11300x 

3 

Yokes  tight,  rods  strained,  magnetic  circuit 

balanced 

0.8 

.042 

10550 

4 

Yokes  loose,  no  strain  on  rods,  magnetizing 

currents  same  as  above 

same 

same 

11460* 

5 

Yokes    loose,    no    strain    on   rods,    magnetic 

circuit  balanced 

0.7 

.051 

11460 

6 

Yokes   loose,    no    strain   on  rods,    small   air 

gap  between  rods  and  yokes 

0.7 

.105 

12460 

7 

Yokes    tight,    rods    strained,    small    air   gap 

between  rods  and  yokes 

0.8 

.058 

10890 

8 

Yokes  loose,  no  strain,   no  air  gap  between 

rods  and  yokes 

0.7 

.059 

11460 

xMagnetic  circuit  not  balanced;  on  account  of  better  contact  between  rods  and  yokes, 
Ic  is  too  large,   and  yet  B   is  reduced,  showing  that  strain  decreases  permeability. 

tMagnetic  circuit  not  balanced;  on  account  of  poorer  contact  between  rods  and  yokes, 
Ic  is  too  small,  and  yet  B  is  increased,  showing  that  removal  of  strain  restores  the  rod 
to  its  normal  condition. 


Under  condition  6  a  small  airgap  was  produced  between  the  rods 
and  the  yokes  by  means  of  tissue  paper,  necessitating  a  doubling  of 
Ic.  The  value  obtained  for  B  in  this  case  was  12460,  an  increase  of 
1000  over  the  value  obtained  with  no  airgap.  According  to  theoretical 
calculations,  only  one-tenth  of  this  increase  can  be  attributed  to  the 
increase  in  Ic,  as  a  compensating  current  of  0.105  (which  is  21  times 
the  main  magnetizing  current)  should  increase  H  as  measured,  only 
by  about  2  per  cent.  It  is  possible  that  the  rest  of  the  increase  may 
be  due  to  the  removal  of  a  slight  strain  that  existed  with  no  airgap, 
but  it  seems  more  probable  that  the  compensating  current  has  a  larger 
effect  than  is  shown  by  theoretical  considerations.  If  it  be  assumed 
that  the  total  increase  is  due  to  Ic,  H  as  measured  is  evidently  in- 
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creased  8  per  cent  due  to  a  compensating  current  equal  to  10  times 
the  main  magnetizing  current,  and  correspondingly  for  other  ratios. 
Should  this  assumption  be  correct,  the  results  recorded  in  this  bulletin 
are  somewhat  exaggerated,  as  corrections  have  been  made  according 
to  theoretical  considerations  only.  More  experimental  evidence,  is, 
however,  necessary  before  the  final  judgment  can  be  passed,  and  in 
the  meantime  the  reader,  in  studying  the  results,  should  keep  this 
matter  in  mind,  remembering  at  the  same  time  that  whatever  the 
effect  of  the  compensating  current  may  be,  the  results  are  strictly 
comparable. 

Under  condition  7  the  rods  were  strained,  bringing  the  value  of  B 
down  to  10890,  nearly  the  same  as  under  3.  Removing  the  airgap 
and  testing  with  no  apparent  strain,  the  value  found  for  B  was  11460, 
the  same  as  under  similar  conditions  before.  It  is  interesting  to  note 
that  Ic  under  the  last  two  conditions  was  practically  the  same,  while 
B  with  the  rod  strained  was  about  600  gausses  less  than  with  no 
strain,  another  forceful  argument  showing  that  the  permeability  is 
decreased  by  a  slight  strain. 

The  condition  of  no  strain  can  only  seldom  be  applied  in  practice, 
but  it  is  necessary  in  an  investigation  of  this  kind  to  make  the  tests 
under  conditions  that  can  be  duplicated  and  standardized,  in  order 
to  obtain  results  that  are  comparable,  and  Table  5  shows  very  plainly 
that  the  "no  strain"  condition  is  the  only  one  that  fulfills  this  re- 
quirement. Another  argument  for  the  adoption  of  the  "no  strain" 
condition  is  that  this  is  the  condition  that  exists  in  the  only  other 
reliable  method  of  magnetic  testing  that  the  writer  knows  of,  namely 
the  Rowland  ring  method.*  In  the  appendix  will  be  found  some  re- 
sults obtained  with  ring  specimens  together  with  a  discussion  of  the 
same. 

V.    Results 

15.  Chemical  Properties. — Table  6  gives  a  complete  list  of  all  the 
alloys  made,  together  with  the  chemical  analysis  for  silicon.  From 
the  amount  of  silicon  added,  the  percentage  lost  in  terms  of  the  weight 
of  the  ingot  has  been  calculated  and  listed  in  the  fourth  column.  The 
only  elements  that  are  present  in  the  alloys  as  impurities  in  a  measura- 
ble quantity  are  carbon,  amounting  to  about  0.01  per  cent,  and  oxygen. 

In  bulletins  No.  72  and  No.  77  of  the  Engineering  Experiment  Sta- 
tion it  was  shown  that  the  electrolytic  iron,  even  after  the  thorough 

*Most  of  the  inconsistencies  that  appeared  in  Bulletin  No.  72  on  the  properties  of 
pure  iron  can  no  doubt  be  attributed  to  strain  in  view  of  the  results  shown  here. 
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cleaning  to  which  it  was  subjected  before  melting,  contained  about  0.4 
per  cent  oxygen  in  the  form  of  some  oxide  of  iron.  It  was  shown 
that  while  carbon  will  reduce  the  iron  oxide  before  commencing  to 
combine  with  the  iron,  boron  will  combine  with  the  iron  before  all  the 
iron  oxide  is  reduced,  its  affinity  for  oxygen  being  about  twice  its 
affinity  for  iron.  From  Table  6  it  is  seen  that  silicon  in  this  respect 
acts  like  boron,  with  the  difference,  that  its  affinity  for  iron  is  much 
stronger  than  its  affinity  for  oxygen.  The  percentage  silicon  lost, 
that  is,  the  percentage  that  has  been  oxidized  and  changed  into  slag, 
increases,  somewhat  irregularly  with  the  silicon  added,  but  reaches  a 

Table  6. 

List  op  Alloys. 


Silicon 

Specimen 

Silicon 

Content 

Silicon 

No. 

Added 

as  per 

Lost 

Remarks 

per  cent 

Chem.  Anal, 
per  cent 

per  cent 

3-51 
3-52 
3-53 
3-54 
3-55 
3Si05 
3Si06 
3Si07 
3Si08 
3Si09 
3SilO 
3Sill 
3Sil2 
3Sil3 
3SiU 
3Sil5 
3Sil6 
3Sil7 
3Sil8 
3Sil9 
3Si20 
3Si21 
3Si22 
3Si23 
3Si24 
3Si25 
3Si26 
3Si27 
3Si28 
3Si29 
3Si30 
3Si31 
3Si32 
3Si33 
3Si34 
3Si35 
3Si36 
3Si37 
3S138 
3Si39 
3Si40 
3Si41 
3Si42 
3Si43 
3Si46 
3Si47 
3Si51 


.000 

.000 

.000 

.000 

.000 

.092 

.185 

.276 

.368 

.460 

.551 

.643 

.734 

.825 

.916 

.138 

.046 

.230 

1.810 

2.690 

3.560 

.092 

.185 

.276 

2.690 

3.560 

2.260 

3.125 

4.410 

5.230 

8.420 

2.260 

6.850 

.459 

.915 

.276 

3.980 

4.810 

2.460 

3.560 

3.560 

2.690 

2.690 

2.770 

2.600 

2.510 

2.660 


ab't. 


.  .001 

.001 

.001 

.001 

.001 

.068 

.024 

.148 

.037 

.242 

.034 

.309 

.059 

.400 

.060 

.472 

.079 

.563 

.080 

.673 

.061 

.698 

.127 

.822 

.094 

.064 

.074 

.010 

.036 

.230 

.000 

1.741 

.069 

2.550 

.140 

3.580 

-.020 

.048 

.044 

.091 

.094 

.205 

.071 

2.570 

.120 

3.400 

.160 

2.180 

.080 

2.730 

.395 

4.440 

-.030 

4.920 

.310 

8.550 

-.130 

1.710 

.550 

6.570 

.280 

.420 

.039 

.700 

.215 

.193 

.083 

3.550 

.430 

4.390 

.420 

2.260 

.200 

3.185 

.375 

2.960 

.600 

2.360 

.330 

2.700 

-.010 

2.550 

.220 

2.530 

.070 

2.410 

.100 

2.600 

.060 

These  rods  were  discarded  after  annealing 
at  1100°  C  on  account  of  oxidation  due  to 
a  leak  in  the  furnace. 


The  magnetic  data  for  these  rods,  after 
annealing  at  900°  C.  were  taken  before  the 
effect  of  strain  due  to  tight  clamping  of 
the  yokes  was  noticed. 

It  was  impossible  to  re-test  these  rods  an- 
nealed at  900°  because  they  were  already 
annealed  at  1100°.  Data  for  the  1100° 
annealing  were  taken  without  strain. 


Not  forgeable.    Crushed  into  mass  of  crystals. 
Flaw  in  center  of  rod  after  forging. 


Not  forgeable.     Same  as  3  Si  19. 
Contaminated  in  melting. 


Not  forgeable. 


I   Not  used.      Made   from   Electrolytio  Iron 
f  that  proved  to  be  impure. 


Used  for  mechanical  tests  only. 

Used   for  rings   for   comparative  magnetic 

testing. 


►  Used  for  mechanical  tests  only. 
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maximum  of  about  0.5  per  cent.  As  silicon  oxidizes  to  Si02  the  maxi- 
mum amount  of  oxygen  absorbed  is  0.44  per  cent,  or  the  same  amount 
that  was  found  in  the  two  previous  investigations,  using  carbon  or 
boron. 

16.  Mechanical  Properties. — The  results  of  the  mechanical  tests 
are  shown  in  Tables  7  and  8  and  graphically  in  Figs.  11  and  12.  A 
comparison  between  these  results  and  those  obtained  by  previous  in- 
vestigators was  given  in  Figs.  1  and  2.  Fig.  13  is  a  photograph  of 
some  of  the  test  pieces  after  being  tested,  showing  very  clearly  the 
variation  in  the  elongation  and  reduction  of  area  caused  by  silicon. 

From  the  data  thus  presented  it  may  be  stated  in  general  that 
silicon  increases  the  strength  of  iron  in  almost  direct  proportion  to 
the  amount  added,  until  the  maximum  strength  is  reached  with  a 
silicon  content  of  about  4.5  per  cent.  From  this  point  on,  the  elastic 
limit  coincides  with  the  ultimate  strength,  and  both  decrease  very 
rapidly.  The  limit  of  f orgeability  lies  at  about  7  per  cent.  The  values 
for  the  forged  condition  are  considerably  higher  than  for  the  annealed 
condition,  the  difference  varying  between  10,000  and  20,000  lb.  per 

Table  7. 

Results  of  Mechanical  Tests. 
As  Forged. 


Number 

of 
Specimen 


Silicon 
Content, 

% 


Yield 
Point,  lb. 
per  sq.  in. 


Ultimate 

Strength, 

lb.  per 

sq.  in. 


Elongation   °fo 


Before 

"Neck- 
ing" 


Ulti- 

mato 


Reduction 
of 

Area,  % 


Remarks 


3-39 

3-53 

3-55 

3Sil6 

3Si21 

3Si05 
3Si22 
3Si06 
3Si23 
3Sil7 
3Sill 
3Sil2 
3Sil4 
3Si31 
3Si38 
3Si41 
3Si47 
3Si46 
3Si51 
3Si43 
3  Si  42 
3Si25 
3Si36 
3Si37 

3Si29 
3Si32 


.001 

35,800 

44,700 

.  . 

39 

.001 

44,400 

46,500 

3 

24 

.001 

38,000 

40,800 

8 

40 

.010 

41,800 

45,200 

11 

35 

.048 

42,850 

46,900 

5 

25 

.068 

36,800 

43,800 

10 

37 

.091 

35,600 

43,750 

12 

36 

.148 

38,600 

45.000 

11 

42 

.205 

42,500 

49,700 

10 

39 

.230 

41,300 

47,500 

10 

45 

.563 

40,750 

51,000 

12 

41 

.673 

58,000 

9 

30 

.822 

45,200 

55,800 

11 

36 

1.71 

68,100 

76,300 

6 

29 

2.25 

66,550 

77,750 

12 

37 

2.36 

77,200 

86,450 

8 

24 

2.41 

63,500 

75,800 

9 

23 

2.54 

60,300 

73,400 

14 

16 

2.63 

68,700 

78,500 

13 

24 

2.65 

59,000 

74,700 

14 

34 

2.78 

68,250 

78,000 

6 

21 

3.40 

74,500 

86,300 

10 

31 

3.55 

83,400 

99,300 

12 

23 

4.39 

94,000 

105,000 

6 

6 

4.92 

50,250 

Nil 

Nil 

6.57 

5,120 

5,120 

Nil 

Nil 

80.4 
53.8 
88.5 
78.0 

91.6 

92.0 

91.7 

94.8 

93.4 

89.7 

92.6 

91.4 

93.1 

87.2 

82 

66 

65 

20 

43 

72 

74 

74.7 

41.3 

7.5 

Nil 
Nil 


Failed  near 
Punch  Mark 


Slight  Flaw. 


Failed  at  Base 

of  Head 
Tested  between 
grips  without  be- 
ing machined 


30 
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sq.  in.  (7  to  14  kg.  per  sq.  mm.).  For  the  4.5  per  cent  alloy  "as 
forged' '  the  ultimate  strength  is  105,000  lb.  per  sq.  in.  (73.5  kg.  per 
sq.  mm.)  about  8000  lb.  (5.6  kg.)  higher  than  the  maximum  obtained 
by  previous  investigators.  The  practical  absence  of  carbon  in  the 
vacuum  iron  causes  the  low-silicon  alloys  to  be  weaker  than  the  cor- 
responding alloys  tested  by  previous  investigators,  but  this  same  ab- 
sence of  carbon  is  evidently  a  cause  for  added  strength  in  the  4.5  per 
cent  alloy,  in  which  the  carbon  exists  in  the  form  of  graphite. 

Table  8. 
Results  of  Mechanical  Tests. 

Annealed. 


Number 

Silicon 

of 

Content, 

Specimen 

% 

Yield 
Point,  lb. 
per  sq.  in. 


Ultimate 

Strength, 

lb.  per 

sq. in. 


Elongation   % 


Before 
'  'Neck- 
ing" 


Ulti- 
mate 


Reduction 

of 
Area,  % 


Remarks 


Anneale 

d   at   970 

°  C. 

3-39 

.001 

16,400 

36,100 

.  . 

61 

80.9 

3Sil6 

.010 

16,050 

34,900 

25 

53 

81.5 

3Si21 

.048 

20,100 

35,000 

23 

48 

89.3 

3Sil5 

.064 

14,750 

34,100 

27 

29 

45.1 

Failed  near  Head 
Flaw. 

3Si05 

.068 

20,400 

34,900 

28 

64 

94.8 

3Si22 

.091 

14,290 

35,400 

26 

64 

91.8 

3Si06 

.148 

15,890 

35,200 

29 

48 

67.0 

3Si23 

.205 

25,075 

38,650 

19 

50 

89.4 

3Sil9 

.230 

14,910 

35,500 

30 

60 

84.7 

Broke  near  Head. 
Flaw 

3Si07 

.242 

18,100 

38,400 

25 

60 

91.3 

3Si08 

.309 

21,650 

40,400 

25 

55 

90.0 

3Si09 

.400 

26,000 

42,000 

20 

55 

91.0 

3SilO 

.472 

17,340 

42,750 

26 

54 

91.4 

Was  not  Stressed 

3Sill 

.563 

25,700 

41,200 

08 

to  Failure.    Flaw 

3Sil2 

.673 

26,550 

45,230 

21 

45 

88.2 

3Sil3 

.698 

23,100 

43,000 

25 

57 

89.0 

3Sil4 

.822 

26,200 

45,150 

28 

50 

91.6 

3Si31 

1.710 

35,800 

54,250 

25 

50 

90.6 

3Sil8 

1.741 

45,750 

55,000 

14 

84.7 

Failed  at  Punch 
Mark. 

3Si38 

2.28 

42,200 

63,500 

23 

50 

85.0 

3Si43 

2.36 

46,200 

63,600 

17 

29 

51.0 

3Si41 

2.38 

43,000 

64,200 

26 

50 

84.5 

3Si47 

2.38 

47,500 

68,700 

22 

45 

78.5 

3Si46 

2.56 

47,250 

64,200 

14 

18 

31.5 

3Si51 

2.59 

42,500 

68,200 

22 

42 

82.5 

3Si42 

2.70 

48,500 

61,800 

6 

6 

11.3 

3Si27 

2.73 

49,600 

67,800 

18 

19 

15.5 

3Si25 

3.40 

57,100 

77,400 

15 

21 

28.7 

Annealed  at 

3Si37 

4.39 

85,000 

85,000 

NU 

NU 

1.2 

1030°  C  in  Nitro- 
gen 

3Si28 

4.44 

72,900 

91,600 

14 

24 

25.1 

3Si29 

4.92 

47,700 

47,700 

NU 

NU 

NU 

Head  failed 

3Si32 

6.57 

13,000 

13,000 

NU 

Nil 

NU 

Tested  between 
Grips. 

Annealed  at  1100°  C. 


3Si41 
3Si47 
3Si46 
3Si43 
3Si42 
3Si51 


2.35 
2.43 
2.48 
2.53 
2.61 
2.63 


39,400 
41,700 
45,200 
43,300 
38,900 
43,300 


58,300 
63,100 
66,300 
62,500 
59,500 
45,600 


8 

10 

24 

45 

21 

47 

20 

40 

17 

32 

1 

2 

10 
67 
75 
71 
61 
Nil 


Slight  Flaw 
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Fig.  11.    Mechanical  Properties  of  Iron-Silicon  Alloys,  Melted  in  Vacuo. 

As  Forged. 


With  regard  to  the  elongation  and  reduction  of  area,  the  results 
in  general  confirm  those  obtained  by  Hadfield,  Baker  and  Paglianti 
concerning  the  effect  of  silicon.  However,  the  vacuum  alloys  again 
show  the  effect  of  the  lack  of  carbon  in  being  much  tougher  in  the 
region  of  low  silicon  as  well  as  in  the  region  between  3  and  5  per  cent. 
The  latter  is  particularly  significant,  as  it  is  in  this  region  that  the 
maximum  strength  occurs.  While  the  strength  maximum  for  alloys 
containing  small  amounts  of  carbon  corresponds  to  zero  elongation  and 
reduction  of  area,  the  strongest  vacuum  alloy  in  the  forged  condition 
has  a  reduction  of  area  of  8  per  cent,  and  an  elongation  of  7  per  cent. 
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Fig.  12.    Mechanical  Properties  of  Iron-Silicon  Alloys,  Melted  in  Vacuo. 

Annealed. 


In  the  annealed  state  the  corresponding  figures  for  the  same  alloy 
are  24  and  22  per  cent. 

A  very  interesting  feature,  as  shown  by  the  curves  of  Figs.  11 
and  12,  is  the  critical  point  that  occurs  with  about  2.60  per  cent  silicon, 
the  characteristic  of  the  alloys  in  this  region  being  their  comparative 
brittleness.  This  point  was  first  noticed  by  the  fact  that  two  ingots, 
containing  2.55  and  2.57  per  cent  silicon  respectively,  were  not  forge- 
able,  but  fell  into  a  mass  of  crystals  that  apparently  had  no  adhesive 
strength.  One  of  these  alloys  is  shown  in  Fig.  30.  That  this  occur- 
rence was  not  accidental  is  shown  by  the  fact  that  the  two  alloys  were 
made  at  different  times,  and  they  were  subjected  to  forging  on  differ- 
ent days,  in  company  with  other  alloys  that  forged  perfectly.     The 
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[ybnsbn] 
Fig.  13.     Some  of  the  Mechanical  Test  Pieces  after  being  Tested. 

structure  of  the  two  alloys  is  identical,  consisting  of  large  allotrio- 
morphic  crystals  %  in-  (3  mm.)  to  %  in-  (6  mm.)  across.  Since  his 
first  report*  upon  the  iron-silicon  alloys,  where  this  critical  point 
was  mentioned,  the  writer  has  obtained  additional  experimental  data 
in  the  region  in  which  this  point  occurs.  These  data  are  included  in 
the  present  report,  making  it  possible  to  draw  definite  curves  through 


*A.  I.  E.  E.  Proceedings,  Vol.  34,  p.  2455,  Oct.,   1915. 


34  ILLINOIS  ENGINEERING  EXPERIMENT  STATION 

the  critical  range.  The  critical  point  appears  in  all  the  characteristic 
curves  for  the  mechanical  properties,  both  for  the  unannealed  and  for 
the  annealed  alloys.  For  the  unannealed  specimens  there  is  a  sudden 
drop  in  the  reduction  of  area  and  ultimate  elongation  at  2.25  per  cent 
silicon,  the  curves  reaching  their  minima  at  about  2.56  per  cent,  which 
is  the  silicon  content  of  the  two  non-forgeable  alloys.  With  increasing 
silicon  contents  these  curves  again  rise  as  suddenly  as  they  previously 
dropped,  attaining  about  the  same  values  as  before  the  critical  point 
was  reached.  At  3.50  per  cent  the  second  and  final  drop  begins  for 
these  curves,  reaching  zero  at  about  5  per  cent  silicon. 

For  the  annealed  specimens  the  critical  point  is  even  more  marked, 
but  the  reduction  of  area  and  the  elongation  do  not  recover  as  com- 
pletely after  the  critical  point  is  passed  as  was  the  case  with  the  un- 
annealed specimens.  The  critical  point  for  the  annealed  alloys  occurs 
with  a  silicon  content  of  about  2.65  per  cent,  slightly  higher  than  for 
the  unannealed  alloys.  The  writer  knows  of  no  satisfactory  explana- 
tion of  this  critical  point,  neither  has  he  been  able  to  find  any  such 
phenomenon  reported  by  anybody  else.  From  Figs.  1  and  2  it  is  seen, 
however,  that  both  Hadfield  and  Paglianti,  and  to  some  extent  Baker, 
indicate  irregularities  in  some  of  their  curves  for  a  silicon  content  be- 
tween 2  and  3  per  cent.  None  of  the  above  investigators,  however, 
and,  as  far  as  the  writer  has  been  able  to  find  out,  no  other  investi- 
gator has  recorded  in  the  literature  the  properties  of  an  iron-silicon 
alloy  containing  between  2.50  and  2.67  per  cent  silicon. 

As  critical  points  are  usually  associated  with  the  formation  of 
definite  compounds  of  the  elements  present,  it  may  be  of  some  interest 
to  note  that  a  compound  of  the  formula  Fe19Si  would  contain  2.56 
per  cent  silicon,  and  similarly  that  a  compound  of  the  formula  Fe19Si2 
would  contain  4.99  per  cent  silicon.  It  was  stated  above  that  the  first 
critical  point  in  the  present  case  occurs  with  a  silicon  content  of  2.56 
per  cent,  and  also  that  there  is  a  sudden  change  at  about  5  per  cent 
silicon.  Whether  this  agreement  is  a  mere  coincidence,  or  whether 
these  compounds,  or  others,  actually  exist,  the  writer  is  not  prepared 
to  say,  as  conclusive  evidence,  in  the  way  of  cooling  curves  for  these 
particular  alloys,  are  not  available. 

17.  Magnetic  and  Electrical  Properties. — The  results  of  the  mag- 
netic and  electrical  tests  are  shown  in  Tables  9  and  10,  and  in  Figs. 
14  to  18  incl.  Figs.  14  and  15  give  at  a  glance  the  magnetic  and 
electrical  properties  of  the  series,  Fig.  14  after  annealing  at  900 °C, 
and  Fig.  15  after  annealing  at  1100°C.  The  properties  in  the  forged 
state  have  not  been  thus  plotted  for  the  reason  that  they  are  of  less 
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interest  on  account  of  their  inferiority.  However,  in  order  to  have 
them  included  in  the  report,  Fig.  16  gives  the  flux  densities  for  vari- 
ous magnetizing  forces  for  the  alloys  as  forged;  Figs.  17  and  18 
give  the  corresponding  values  after  annealing  at  900  °C  and  1100°C 
respectively,  thus  affording  means  for  comparison  as  to  the  effect  of 
the  various  heat  treatments.  From  these  three  figures  it  is  seen  that 
for  H  =  50  or  above  the  annealing  at  1100°  has  the  effect  of  de- 
creasing B  by  500  to  1000  gausses  for  low  silicon  alloys,  while  for 
H  =  20  and  below  the  forged  condition  is  decidely  inferior  to  the 
annealed  conditions.  Comparing  the  900°  and  1100°  annealing  it  is 
seen  that  for  H  =  20  to  H  =  0.5  the  900°  annealing  is  superior  for 
decreasingly  lower  silicon  contents  only,  and  for  H  =  0.3  and  below 
the  1100°  annealing  is  superior  for  the  whole  range.  In  general,  it 
may  be  said  that  for  high  magnetizing  forces  B  decreases  with  in- 
creasing silicon  content,  no  matter  what  the  heat  treatment  has  been. 
This  was  expected  to  be  the  case  from  previous  researches  on  the  sat- 
uration values  of  iron-silicon  alloys.  Thus  Gumlich  and  Goerens  found 
that  the  saturation  value  4  -n-  Imax  is  decreased  by  500  gausses  for  each 
1  per  cent  silicon. 

Table  9. 

Results  of  Magnetic  and  Electrical  Tests 
Rods  Annealed  at  900 °C. 
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Table  10. 

Results  of  Magnetic  and  Electrical  Tests 
Rods  Annealed  at  1100°C. 
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12000 

.12 

.22 

33.25 

3Sil8 

1.740 

33000 

7000 

26300 

416 

1112 

9200 

12600 

.13 

.19 

31.00 

3Si27 

2.73 

46800 

9500 

46000 

404 

1260 

9100 

13300 

.13 

.23 

42.00 

3Si25 

3.40 

63300 

6500 

46500 

280 

1025 

9100 

12400 

.08 

.15 

48.50 

3Si36 

3.55 

36000 

7500 

29500 

419 

1157 

8920 

12000 

.13 

.21 

48.50 

Rods  an- 
nealed in 
Nitrogen 

3Si37 

4.39 

25700 

6000 

15400 

591 

1819 

8300 

10200 

.20 

.25 

56.10 

3Si28 

4.44 

30200 

3000 

15900 

405 

1171 

7000 

8000 

.12 

.15 

57.40 

3Si29 

4.92    1 12200 

5000 

7040 

780 

2620 

6300 

7100 

.26 

.35 

66.20 

Turning  now  to  Figs.  14  and  15  two  maxima  appear  very  dis- 
tinctly in  the  curves  for  maximum  permeability,  corresponding  to  two 
minima  in  the  curves  for  hysteresis  loss  and  coercive  force.  The  first 
of  these  points  occurs  at  a  silicon  content  of  0.15  per  cent,  the  second 
at  a  silicon  content  of  about  3.5  per  cent  for  the  permeability  and 
about  4.0  per  cent  for  the  hysteresis  and  coercive  force.  The  reason 
that  the  second  maximum  for  permeability  and  minimum  for  hysteresis 
loss  do  not  occur  at  the  same  silicon  content  appears  very  clearly  from 
the  retentivity  and  coercive  force  curves,  when  it  is  remembered  that 
the  hysteresis  loss  primarily  depends  upon  the  coercive  force  and  the 
retentivity  and  only  to  a  less  extent  upon  the  maximum  permeability. 

That  a  maximum — or  minimum — should  occur  for  a  low  silicon 
content  was  not  surprising  in  view  of  the  results  previously  obtained 
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Magnetic  and  Electrical  Properties  of  Iron-Silicon  Allots 
Melted  in  Vacuo.     Annealed  at  900°  C. 
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Fig.  15.     Magnetic  and  Electrical  Properties  op  Iron-Silicon  Alloys 
Melted  in  Vacuo.    Annealed  at  1100°  C. 
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Fig.  16.    Flux  Density  for  Various  Magnetizing  Forces.     As  Forged 


with  pure  iron,  iron-carbon,  and  iron-boron  alloys.  In  the  latter  case 
a  maximum  was  obtained  with  a  trace  of  boron,  evidently  on  account 
of  a  slight  purification  of  the  iron,  but  as  soon  as  the  boron  content 
became  measurable  the  magnetic  properties  immediately  depreciated. 
The  first  maximum  in  the  present  case  can,  no  doubt,  be  accounted  for 
in  the  same  way,  and  consequently  this  point  may  be  regarded  as 
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Flux  Density  for  Various  Magnetizing  Forces. 
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characteristic  of  the  purest  iron  obtainable  under  the  present  condi- 
tions, containing  0.15  per  cent  silicon  and  a  small  amount  of  oxygen 
in  the  form  of  iron  oxide.  The  slight  uncertainty  existing  for  silicon 
contents  below  1.0  per  cent,  as  shown  by  the  distribution  of  the  points, 
is  probably  due  to  the  varying  amounts  of  oxide  left  in  the  iron. 
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That  the  oxide  in  the  iron  before  melting  varied  to  some  extent  is 
apparent  from  Table  6,  judging  from  the  amount  of  silicon  oxydized 
in  the  high  alloys,  where  probably  all  the  oxide  was  reduced.  This 
reasoning  would  consequently  also  account  for  the  uniform  results 
obtained  for  the  high  silicon  contents. 
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The  second  maximum — or  minimum — was  wholly  unexpected  as 
strength  and  brittleness  are  not  generally  associated  with  high  mag- 
netic quality.  It  is  true  that  previous  investigators  have  found  a  maxi- 
mum between  2.5  to  4.0  per  cent  silicon,  but  as  was  pointed  out  on 
pp.  12  and  16  this  was  thought  to  be  due  to  the  neutralizing  effect 
of  the  silicon  upon  the  relatively  large  amounts  of  impurities,  chiefly 
carbon,  present  in  the  iron.  In  the  present  case  the  alloys  contained 
only  about  0.01  per  cent  of  carbon,  an  amount  considered  too  low  to 
be  of  any  consequence,  and  only  minute  traces  of  other  impurities 
were  present.  Thus  it  seems  improbable  that  the  second  maximum  in 
this  case  can  be  attributed  solely  to  the  conversion  of  0.01  per  cent 
of  combined  carbon  into  graphite.  It  seems  more  probable  that  the 
improvements  are  due  partly  to  this  conversion  and  partly  to  the 
complete  reduction  of  iron  oxide.  If  this  second  maximum  should  be 
due  entirely  to  the  conversion  of  combined  carbon  into  graphite,  the 
current  ideas  regarding  the  influence  of  carbon  upon  the  magnetic 
properties  of  iron  will  certainly  have  to  be  changed,  and  it  will  be- 
come desirable  to  remove  from  the  iron  the  last  trace  of  carbon.  Ac- 
cording to  these  hypotheses,  the  first  maximum  is  due  to  pure  iron 
in  spite  of  small  amounts  of  iron  oxide  and  combined  carbon,  while 
the  second  maximum  is  due  to  pure  iron  in  spite  of  a  relatively  large 
amount  of  dissolved  silicon.  If  none  of  the  above  hypotheses  is  cor- 
rect, the  only  other  explanation  remaining  is  that  the  second  maximum 
is  due  directly  to  silicon  dissolved  in  the  iron.  As  an  argument 
against  such  a  theory  Hadfield  and  Hopkinson*  in  1910  and  Gum- 
lichf  in  1912  brought  out  the  fact  that  silicon  reduces  the  saturation 
value  of  iron  in  direct  proportion  to  the  silicon  dissolved  in  the  iron, 
and  consequently  it  did  not  seem  probable  that  silicon  could  directly 
improve  the  permeability  at  lower  densities.  However,  it  is  a  curious 
coincidence  that  at  the  same  meeting  of  the  Faraday  Society  at  which 
Dr.  Gumlich  made  the  above  statement,  Dr.  P.  Weissj:  read  a  paper 
on  iron-cobalt  alloys,  showing  that  the  alloy  Fe2Co  has  a  saturation 
value  10  per  cent  higher  than  that  of  pure  iron.  The  writer^  in  co- 
operation with  Dr.  E.  H.  Williams§  has  recently  shown  that  while 
the  iron-cobalt  alloy,  Fe2Co,  melted  in  vacuo. has  a  saturation  value 
13  per  cent  higher  than  that  of  pure  iron  melted  under  identical  con- 
ditions, its  permeability  at  low  densities  is  much  lower.     Evidently 

*Inst.   of  Elect.   Engrs.   Vol.   46,   p.   225,    1911. 

fTrans.  Faraday  Soc.  Vol.   8,  p.   109,   1912. 

JTrans.  Faraday  Soc.  Vol.   8,  p.   149,   1912. 

flGen.  Elect.  Rev.  Oct.,   1915,  Vol.  18,  p.  881,   Sept.,   1915. 

§Phys.  Rev.  N.S.  Vol.  6,  p.  404,  Nov.   1915. 
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both  the  high  saturation  value  and  the  comparatively  low  per- 
meability at  lower  densities  of  the  Fe2Co  alloy  must  be  due 
to  the  combination  between  iron  and  cobalt,  or,  in  other  words,  must 
be  attributed  directly  to  the  cobalt.  There  is  no  reason,  then,  why 
the  low  saturation  value  and  the  high  permeability  at  low  densities  of 
the  3.40  per  cent  iron-silicon  alloy  can  not  both  be  due  directly  to 
silicon.  That  is,  no  foundation  exists  any  longer  for  assuming  that 
there  is  a  direct  connection  between  the  saturation  value  of  a  certain 
alloy  and  its  properties  at  low  and  medium  densities,  and  it  is  conse- 
quently possible  that  the  second  maximum  occuring  in  the  maximum 
permeability  curve  for  the  iron-silicon  series  may  be  due  directly  to 
silicon.  More  experimental  evidence  is  needed,  however,  before  it  is 
safe  to  make  a  definite  statement  in  this  respect. 

While  silicon  is  thus,  directly  or  indirectly,  engaged  in  improving 
the  magnetic  properties  of  iron,  it  serves  a  very  useful  purpose  by 
increasing  the  electrical  resistance  of  the  iron  enormously,  giving  the 
iron  the  exact  characteristics  desired  for  electromagnetic  machinery. 

The  iron-silicon  series  thus  offers  two  important  alloys  for  elec- 
trical purposes,  both  having  high  permeability  and  low  hysteresis  loss, 
but  differing  in  that  one  has  a  very  low,  while  the  other  has  a  very 
high  electrical  resistance. 

The  values  obtained  are,  undoubtedly,  without  precedent  in  the 
annals  of  the  magnetic  properties  of  iron  and  iron  alloys,  and  it  is 
only  after  a  careful  analysis  of  the  apparatus  used  and  the  methods 
employed  in  testing  that  the  writer  feels  justified  in  publishing  them. 
As  an  extra  precaution,  however,  he  wishes  to  repeat  the  statement 
made  on  p.  27  that  experimental  evidence  seems  to  point  towards  a 
larger  percentage  error  due  to  the  compensating  current  than  theo- 
retical considerations  according  to  Burrows  and  others  would  lead 
to.  But  even  if  the  maximum  error  in  the  results  as  given  should 
amount  to  20  per  cent,  their  significance  would  not  be  altered  appre- 
ciably. Whether  the  true  maximum  permeability  attained  is  66,500 
or  53,200  is  of  little  consequence  at  the  present  time,  as  long  as  it  is 
reasonably  certain  that  it  lies  in  this  neighborhood.  Should  it  be 
definitely  established  that  the  value  of  the  required  compensating 
current  imposes  a  limit  upon  the  Burrows  double  bar  and  yoke  method, 
beyond  which  the  errors  introduced  are  too  large,  a  new  method  will 
undoubtedly  be  developed  to  meet  this  exigency. 
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It  is  only  a  few  years  ago  that  a  permeability  of  6000  was  regarded 
as  exceptionally  high.  This  was  gradually  raised  to  8000  and  then 
Terry,*  in  1910,  obtained  a  value  of  11000  for  a  ring  of  electrolytic 
iron  as  deposited  and  annealed.  Gumlich,  in  1912,  also  obtained  this 
value  for  a  high  grade  low  silicon  alloy  in  the  form  of  sheets.  Last 
year  the  writer  published  19000  as  the  maximum  found  for  pure  iron 
melted  in  vacuo,  and  this  value  was  regarded  as  remarkable.  The 
step  from  19000  to  66500  indeed  seems  a  long  one,  but  intermediate 
steps  have  been  taken  in  the  meantime  in  the  laboratory.  The  values 
for  the  hysteresis  loss  have  followed  in  a  similar  path,  as  seen  from 
Table  11. 

Table  11. 

Progress  Made  in  Kecent  Years. 


Coercive  Force 

Hysteresis  Loss 

Kind  of 

Material 

used 

Maximum 

gilberts 

per  cm. 

ergs  per  cc  per  cycle 

Year 

Investigator 

Perme- 
ability 

for 

Bmaz  — 

for 

Bmax  — 

for 

Bmax  — 

for 

Bmax  — 

1000 

15000 

10000 

15000 

1900 

Hadfield 

SW.  Char. 
Iron 

4000 

0.920 

1.00 

abt.  2700 

abt.  5500 

1900 

Hadiield 

2  %  % 
Si-Iron 

5100 

0.72 

0.79 

"    2200 

**     4700 

1901 

Gumlich 
&  Schmidt 

Wrought 
Iron 

8350 

0.60 

1903 

Baker 

4.9  %    Si-Iron 

1.20 

"     6200 

1910 

Terry 

Electrolytic 
Iron 

11000 

1912 

Gumlich 
&  Goerens 

0.4%   Si. 
Sheets 

11600 

0.54 

1912 

Gumlich 
&  Goerens 

4.C%    Si. 
Sheets 

9400 

1912 

Paglianti 

1.75%  Si- 
Iron 

0.60 

0.75 

1650 

"     3500 

1914 

Yensen 

Pure  Vacuum 
Iron 

19000 

0.29 

813 

1640 

1915 

Yensen 

0.15%  Si.    " 
Iron 

66500 

0.09 

0.16 

286 

916 

1915 

Yensen 

3.40%  Si.    " 
Iron 

63300 

0.08 

0.15 

280 

1025 

'Phys.  Rev.  Vol.  30,  p.   133,   1910. 
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Fig.  19.    Comparison  between  Vacuum  Iron  and  Commercial  Steel, 

both  containing  between  3  per  cent  and  4  per  cent  silicon — 

Thoroughly  Annealed. 

Vacuum    Commercial 
Iron  Steel 


Hysteresis  loss,    for   Bmax  —   10,000;   ergs  per  cu.  cm.  per  cycle.   ...        280  2160 

"      =15,000;      "       ' "    "    1025  4290 

Specific  electrical  resistance,  microhms 48.50  51.15 


Fig.  19  illustrates  the  difference  in  magnetic  quality  between  a 
silicon-vacuum-iron  and  a  commercial  silicon  steel,  both  containing 
approximately  the  same  amount  of  silicon.  The  maximum  perme- 
ability is  as  20  to  1,  the  hysteresis  loss  for  Bmax  =  10000  as  10  to  1,  and 
for  Bmax  =  15000  as  3  to  1  in  favor  of  the  vacuum  alloy.  For  B  = 
15000  the  permeability  of  the  latter  is  twice  the  permeability  of  the 
commercial  iron.  The  electrical  resistance  is  nearly  the  same  for 
both  alloys,  or  about  5  times  that  of  pure  iron. 
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Fig.  20  shows  to  a  large  scale  the  difference  between  a  high  and  a 
low  silicon-vacuum-iron,  having  about  the  same  hysteresis  loss.  The 
characteristics  of  the  low  silicon  alloy  are  seen  to  be :  very  high  re- 
tentivity  and  high  permeability  for  medium  and  high  densities,  while 
the  high  silicon  alloys  have  a  low  retentivity,  and  the  maximum  per- 
meability occuring  at  a  low  density.  The  chief  advantage  of  the  high 
silicon  alloy  lies  in  the  high  electrical  resistance  amounting  to  more 
than  5  times  that  of  the  low  silicon  alloy.    . 

An  attempt  was  made  to  obtain  a  few  more  points  for  the  high 
silicon  alloys,  and  two  alloys,  Nos.  3Si36  and  3Si37  were  melted  and 
testpieces  prepared.  Unfortunately,  however,  these  rods  were  an- 
nealed first  at  900°  and  then  at  1100°,  in  company  with  three  rods 
made  from  impure  iron  and  were  evidently  contaminated  by  them. 
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This  was  discovered  by  the  behavior  of  rod  No.  3Sil7  that  had  pre- 
viously been  annealed  at  900°  under  normal  conditions.  After  anneal- 
ing at  1100°  in  company  with  the  contaminated  rods,  its  magnetic 
quality  was  sadly  impaired,  while  the  five  other  rods  all  had  improved. 
As  a  matter  of  fact,  it  was  the  first  occurence  of  a  rod  depreciating 
during  the  1100°  annealing,  and  the  only  cause  that  could  be  found 
was  contamination  by  the  impure  rods.  One  rod  being  thus  affected 
it  seemed  natural  to  conclude  that  Nos.  3Si36  and  3Si37  were  simi- 
larly affected.*  The  results  for  these  two  alloys  are  shown  in  the 
tables,  but  the  values  have  not  been  plotted  in  the  figures,  although 
the  points  would  have  deviated  but  little  from  the  curves.  Another 
reason  for  not  plotting  these  values  is  that  the  1100°  annealing  was 
done  in  an  atmosphere  of  nitrogen.  While  the  nitrogen  did  not  seem 
to  act  differently  from  the  vacuum,  the  method  has  not  been  tested 
sufficiently  to  warrant  including  the  results  thus  obtained  without 
question.  However,  these  results,  although  not  wholly  satisfactory, 
serve  as  a  check  upon  the  results  previously  obtained.! 

18.  Photomicrographs. — In  the  following  pages  a  large  number  of 
photomicrographs  are  reproduced  representative  of  the  alloys  tested. 
They  are  arranged  in  order  of  their  silicon  content,  the  pure  iron 
appearing  first  and  the  highest  silicon  alloy  last.  With  only  a  few 
exceptions  the  "As  forged"  condition  occupies  the  upper  part  of  the 
pages,  the  900°  annealed  condition  the  middle  part,  and  the  1100° 
annealed  condition  occupies  the  lower  part.  The  magnifications  used 
are  either  40  diameters  or  10  diameters.  In  one  case  recourse  was 
had  to  7  diameters.  For  the  high  silicon  alloys  both  the  40  and  the 
10  diameter  magnifications  are  shown  in  most  cases.  The  lower  mag- 
nifications give  a  general  view  of  the  structures,  as  they  cover  about 
Vs  of  the  surface  of  the  specimens,  while  the  higher  magnifications  give 
more  detail.  Even  with  the  information  thus  at  hand  perfectly  defi- 
nite conclusions  can  not  be  made  with  regard  to  each  alloy  taken 
separately,  as  the  specimen  may  not  in  every  case  be  strictly  repre- 
sentative of  the  particular  alloy  from  which  it  was  taken.  Further- 
more, in  comparing  the  photomicrographs  after  the  different  heat 
treatments,  it  should  be  remembered,  that  the  specimens  had  to  be 
repolished  after  each  treatment,  and  the  photomicrographs  do  not, 
therefore,  represent  the  same  spot  in  each  case.  However,  general 
conclusions  can  be  drawn  by  considering  the  series  as  a  whole. 

*That  such  contamination  takes  place  during  annealing  was  shown  in  Bulletin  No. 
72,  in  the  case  of  five  rods  that  were  annealed  in  company  with  a  rod  that  contained 
0.18  per  cent   carbon. 

fin  the  tests  comparing  the  Burrows  method  and  the  ring  method  a  rod  was  ob- 
tained, containing  3  per  cent  silicon,  that  according  to  the  Burrows  method  of  testing 
has  a  maximum  permeability  of   72000.      (For  details  see  Appendix.) 
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From  these  photomicrographs  it  is  seen  very  clearly  that  the  iron- 
silicon  alloys,  in  the  range  here  investigated,  consist  of  only  one  kind 
of  crystals,  thus  confirming  the  results  obtained  by  previous  investi- 
gators that  iron  and  silicon,  for  silicon  contents  below  about  15  per 
cent,  form  a  solid  solution  everywhere  between  the  freezing  point  and 
ordinary  temperature. 

Below  1  per  cent  silicon  appears  to  have  no  marked  effect  upon 
the  structure  of  the  iron,  either  as  forged  or  annealed.  Annealing  at 
900° C  does  not  seem  to  change  the  structure  of  the  alloys  in  this  range, 
but  annealing  at  1100°  produces  numerous  small  crystals  inside  the 
larger  ones,  giving  an  appearance  of  a  very  fine  structure.* 

There  is  no  sign  of  foreign  substances  in  these  structures,  other 
than  those  arising  from  imperfect  polishing.  After  passing  the  1  per 
cent  mark  silicon  begins  to  show  its  effect.  The  crystals  are  generally 
larger  than  for  the  pure  iron,  and  are  readily  polished  in  relief,  show- 
ing that  they  are  not  of  uniform  hardness.  There  is  no  breaking  up 
of  the  crystals  by  the  1100°  annealing  as  in  the  case  of  the  low  alloys. 
The  1.71  per  cent  and  the  2.73  per  cent  alloys,  as  seen  in  Figs.  29 
and  31,  show  very  irregular  structures  as  forged,  and  after  the  900° 
annealing,  but  these  give  way  to  structures  of  more  regularity  by  the 
1100°  annealing.  In  the  region  between  the  last  two  alloys  is  found 
the  nonforgeable  alloys,  Nos.  3Sil9  and  3Si24,  containing  2.55  to  2.57 
per  cent  silicon  respectively.  The  structure  of  these  alloys  is  shown 
in  Fig.  30,  exhibiting  very  large,  uniform  crystals,  measuring  Vs" 
(3  mm.)  to  Vi"  (6  mm.)  across.  In  the  first  specimen  used  for  the 
3.40  per  cent  alloy  the  crystals  are  of  about  the  same  size  and  shape 
as  the  ones  for  the  nonforgeable  alloys,  as  seen  in  Fig.  35.  In  order 
to  investigate  this  singularity  further,  another  specimen  from  the 
same  alloy  was  prepared,  and  this  showed  a  much  more  normal  struc- 
ture (Fig.  32).  Specimens  were  also  investigated  for  two  other  alloys 
with  very  nearly  the  same  silicon  content,  and  these  also  showed 
structures  that  were  quite  normal,  (Figs.  33  and  34)  so  that  the 
large  crystals,   shown  in  Fig.   35,   are  evidently  freaks,   caused  by 

*This  phenomenon  is  explained  by  Stead  and  Carpenter,  Journ.  Iron  &  Steel  Inst. 
Sept.,  1913,  as  follows:  Upon  heating  the  iron  above  the  AC3  point  (900°  C  for  pure 
iron)  and  holding  it  in  the  region  of  the  gamma  modification  sufficiently  long,  both  the 
alpha  crystals  and  their  nuclei  will  be  destroyed,  giving  place  to  gamma  crystals.  __  If 
now  the  iron  is  cooled,  numerous  alpha  nuclei  will  be  formed  simultaneously  on  passing 
through  Ar3  and  the  resulting  crystals  are   consequently  small. 

See  also  Storey:  AM.  Electroclem  Soc.  Apr.  18,  1914. 
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peculiar  conditions.  It  may  be  that  the  specimen  was  taken  at  one 
end  of  the  forged  rod.  Nevertheless,  the  occurence  of  these  enormous 
crystals  is  very  interesting,  not  only  on  account  of  the  enormous  size, 
but  also  because  it  shows  that  the  size  of  the  crystals  in  and  of  itself 
does  not  prevent  the  material  from  being  forgeable.  The  remainder 
of  the  photomicrographs  exhibit  quite  normal  structures  with  no 
marked  change  caused  by  the  two  heat  treatments. 

The  principle  difference  between  these  photomicrographs  and  the 
ones  published  by  previous  investigators  is  the  absence  of  foreign 
matter  in  the  structure  of  the  vacuum  alloys.  Even  Baker,  whose 
alloys  contained  only  0.04  per  cent  carbon,  shows  in  his  photomicro- 
graphs besides  small  amounts  of  pearlite  or  graphite,  some  other  for- 
eign substance  that  could  not  be  explained  at  the  time.  It  seems 
probable,  in  view  of  what  has  been  said  earlier  in  this  report  re- 
garding the  method  used  for  melting  and  the  mechanical  properties 
of  his  alloys,  that  these  other  foreign  substances  may  be  oxides.  The 
other  investigators  invariably  show  comparatively  large  amounts  of 
pearlite  for  low  alloys  and  patches  or  spots  of  graphite  for  high  alloys. 
The  size  of  crystals  for  the  vacuum  alloys,  excluding  the  abnormal 
cases,  is  very  much  larger  than  for  the  less  pure  alloys.  This  is  true 
both  for  low  and  high  silicon  contents. 
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As  Forged. 
Fig.  21a.     40  Diam.  Picric  Acid.  Fig.  22a.    40  Diam.  Picric  Acid. 
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Annealed  at  900°  C. 


Fig.  21b.     40  Diam.  Picric  Acid. 


Fig.  22b.    40  Diam.  Picric  Acid. 
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Annealed  at   1100°  C. 

Fig.  21c.     40  Diam.  Picric  Acid.  Fig.  22c.     40  Diam.  Picric  Acid. 

Alloy  No.  3—39.    0.001%  Si.  Alloy  No.  3—54.    0.001%  Si. 
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As  Forged. 


Fig.  24a.    40  Diam.  Picric  Acid. 
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Annealed  at   900°  C. 

Fig.  23b.     40  Diam.  Picric  Acid.  Fig.  24b.     40  Diam.  Picric  Acid. 


\_ 


•^*™, 


Annealed  at   1100°  C. 

Fig.  23c.     40  Diam.  Picric  Acid.  Fig.  24c.     40  Diam.  Picric  Acid. 

Alloy  No.  3Si05.    0.068%  Si.  Alloy  No.  3Si06.    0.148%  Si. 
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As  Forged. 


V 


Fig.  26a.     40  Diam.  Picric  Acid. 


/ 


Annealed  at  900°  C. 
Fig.  25b.     40  Diam.  Picric  Acid.  Fig.  26b.     40  Diam.  Picric  Acid. 


X 


'•'  7:^ :'  w-fe 

Annealed  at   1100°  C. 

Fig.  25c.     40  Diam.  Picric  Acid.  Fig.  26c.     40  Diam.  Picric  Acid. 

A.lloy  No.  3Si08.    0.309%  Si.  Alloy  No.  3Si10.     0.472%  Si. 
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Annealed  at   900°  C. 

Fig.  27b.     40  Diam.  Picric  Acid.  Fig.  28b.     40  Diam.  Picric  Acid. 


Annealed  at   1100°  C. 

Fig.  27c.     40  Diam.  Picric  Acid.  Fig.  28c.     40  Diam.  Picric  Acid. 


Alloy  No.  3Si12.    0.673%  Si.  Alloy  No.  3Si14..  0.822%  Si. 
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Fig.  29a.     10  Diam.  Picric  Acid. 


As  Forged. 


\ 


Annealed  at  900°  C. 
Fig.  29bj.     10  Diam.  Picric  Acid.  Fig.  29b2.     40  Diam.  Picric  Acid. 


•*mJQ 


Annealed  at  1100°  C. 
Fig.  29cj.     10  Diam.  Picric  Acid.  Fig.  29c2.     40  Diam.  Picric  Acid. 

Alloy  No.  3Si31.     1.71%  Si. 
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As  cut  from  Ingot  before  Forging 

Fig.  30aa.     10  Diam.  Picric  Acid. 


Annealed  at  900°  C. 

Fig.  30b.     10  Diam.  Picric  Acid. 


Annealed  at  1100°   C. 
Fig.  30c.     10  Diam.  Picric  Acid. 


Ingot  after  Forging. 

Fig.  30a2.     Nearly   Full   Size. 


The  Non-forgeable  Alloy  No.  3Si24.     2.57%  Si. 
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As  Forged. 


Fig.  31a.     10  Diam.  Picric  Acid. 


/     m 


Annealed  at  900°  C. 

Fig.  31b,.     10  Diam.  Picric  Acid.  Fig.  31b2.     40  Diam.  Picric  Acid. 


Annealed  at   1100°  C. 

Fig.  31c,.     10  Diam.  Picric  Acid.  Fig.  31c2.     40  Diam.  Picric  Acid. 

Alloy  No.  3Si27.     2.73%  Si. 
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As  Forged.  As  Forged. 

Fig.  32.     40  Diam.  Nitric  Acid.  Fig.  35a.     10  Diam.  Picric  Acid. 

Alloy  No.  3Si25  (Spec.  1)  3.40%  Si. 
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As  Forged. 
Fig.  33.     40  Diam.    Nitric  Acid. 
Alloy  No.  3Si20.     3.58%  Si. 


Annealed  at   900°  C. 
Fig.  35b.     10  Diam.   Picric  Acid. 


As  Forged.  Annealed   at    1100°  C. 

Fig.  34.     40  Diam.    Nitric  Acid.  Fig.  35c.     7  Diam.   Picric  Acid. 

Alloy  No.  3Si36.     3.55%  Si.  Alloy  No.  3Si25  (Spec.  2).   3.40%  Si. 
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Annealed  at  900°  C. 
Fig.  36bi.     10  Diam.  Picric  Acid.  Fig.  36b2.     40  Diam.  Picric  Acid. 


Annealed  at  1100°  C. 
Fig.  36d.     10  Diam.  Picric  Acid.  Fig.  36c2.     40  Diam.  Picric  Acid. 

Alloy  No.  3Si28.     4.44%  Si. 
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As  Forged. 


Fig.  37a.    40  Diam.  Picric  Acid. 


Annealed  at  900°  0. 

Fig.  37b.    40  Diam.  Picric  Acid. 


Annealed  at  1100°  C. 

Fig.  37cj.     10  Diam.  Picric  Acid.  Fig.  37c2.     40  Diam.  Picric  Acid. 

Washed  with  10%  HF    Sol.  Washed  with  10%  HF    Sol. 


Alloy  No.  3Si29.     4.92%  Si. 
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As  Forged. 


Fig.  38a.    40  Diam.   Picric  Acid. 


Annealed 

Fig.  38b!.     10  Diam.  Picric  Acid. 
Slightly  repolished. 


900°  C. 

Fig.  38b2.    40  Diam.  Picric  Acid. 
Slightly  repolished. 
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Annealed  at   1100°  C. 

Fig.  38c,.     10  Diam.  Picric  Acid.  Fig.  38c2.    40  Diam.  Picric  Acid. 

Washed  in  10%  HF   Sol.  Washed  with  10%  HF    Sol. 


Alloy  No.  3Si32.     6.57%  Si. 
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The  Nox-forgeable  Alloy  3Si30.     8.55%  Si. 
Fig.  39.     Nearly  Full  Size. 


V.     Summary  axd  Conclusions. 

The  results  recorded  in  the  previous  pages  may  be  summarized  as 
follows : 

(a).  By  means  of  the  vacuum  method  of  melting-  it  is  possible  to 
obtain  a  decidedly  purer  product  than  has  thus  far  been  obtained  in 
any  other  manner.  Consequently  by  the  use  of  this  method  more 
definite  conclusions  can  be  drawn  with  regard  to  the  effect  of  silicon 
upon  iron,  than  has  hitherto  been  possible. 

(b).  Silicon,  like  boron,  has  a  double  effect  upon  iron.  Part  of  it 
combines  with  the  iron  and  remains  in  solid  solution  throughout  the 
cooling  of  the  alloy,  while  a  smaller  part  reduces  the  iron  oxide 
present. 

(c) .  The  tensile  strength  of  the  vacuum  product  follows  in  general 
the  same  law  as  alloys  made  under  ordinary  conditions,  but  the  duc- 
tility of  the  former  is  much  greater,  particularly  below  2  per  cent  and 
above  3  per  cent,  probably  due  to  the  absence  of  carbon.  The  maxi- 
mum tensile  strength  of  105000  pounds  per  square  inch  occurs  with 
a  silicon  content  of  4.5  per  cent. 

(d).  The  limit  of  forgeability  lies  between  7  and  8  per  cent  silicon. 
A  critical  range  occurs  between  2.55  and  2.60  per  cent,  in  which  the 
alloys  are  exceedingly  brittle,  in  some  cases  being  not  even  forgeable. 

(e).  With  regard  to  the  magnetic  properties  the  vacuum  alloys  ex- 
hibit most  remarkable  characteristics.  The  best  alloys  are  obtained 
with  about  0.15  per  cent  and  3.40  per  cent  silicon  after  annealing  at 
1100° C.  The  maximum  permeability  for  both  of  these  alloys  is  above 
50,000,  and  the  hysteresis  loss  for  Bmax  =  10,000  and  15,000  is  about 
300  and  1000  ergs  per  cu.  cm.  per  cycle  respectively.     This  hysteresis 
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loss  is  y$  and  %  of  the  corresponding  loss  for  commercial  silicon  steel. 
The  most  favorable  annealing  temperature  is  in  every  case  1100°C. 

(f).  The  specific  electrical  resistance  increases  about  13  microhms 
for  the  first  per  cent  silicon  added.  For  each  additional  per  cent 
added  the  increase  is  about  11  microhms.  Consequently,  the  3.40  per 
cent  alloy  mentioned  under  5  has  a  resistance  nearly  5  times  that  of 
the  0.15  per  cent  alloy. 

By  the  vacuum  process  two  silicon  alloys  have  thus  been  produced 
that  have  very  valuable  characteristics;  one,  low  in  silicon,  not  very 
strong,  but  extremely  ductile,  of  high  permeability,  low  hysteresis 
loss,  and  of  low  electrical  resistance;  the  other  high  in  silicon,  very 
strong,  moderately  tough,  of  high  permeability,  low  hysteresis  loss  and 
of  high  electrical  resistance.  The  properties  of  these  two  alloys  are 
summarized  in  Table  12.  The  first  is  evidently  suitable  for  use  in 
places  where  high  permeability  and  low  hysteresis  loss  are  the  chief 
requirements,  while  the  second  alloy  is  suitable  for  electromagnetic 
machinery,  principally  transformers,  where  a  low  eddy  current  loss  is 

Table  12. 
Properties  of  the  Two  Best  Iron-Silicon  Vacuum  Alloys. 


Stress 

at 

Silicon 

Yield 

Con- 

Point 

tent 

lb. 

% 

per 

sq. 

in. 

Ulti- 
mate 
Strength     Elong- 
lb.  ation 

per  % 

sq. 
in. 


Reduc- 
tion 
of 
Area 

% 


Maxi- 
mum 
Perme- 
ability 


Density 
for 
Max. 
Perme- 
ability 


Hysteresis  Loss  ergs 
ergs  per  cc.  per  cycle 


for 

Bmax  — 

10000 


for 

Bmax  — 

15000 


Spec. 
Elect. 
Resis- 
tance 
mic- 
rohms 


0.15 
3.40 


18500 
58000 


37000 
76500 


56 
21 


90 
28.5 


66500 
63300 


6500 
6500 


286 
280 


916 

1025 


11.80 
48.50 


an  additional  requirement.  The  mechanical  properties  of  the  second 
alloy  makes  possible  its  use  also  in  dynamo  machinery,  where  the 
present  commercial  silicon  steel  can  not  be  used  on  account  of  its 
brittleness. 

It  should  be  pointed  out,  that  electrolytic  iron  is  not  essential  to 
the  attainment  of  high  magnetic  quality.  Any  low  carbon  iron  that 
is  practically  free  from  phosphorus,  sulphur  and  manganese,  when 
melted  in  vacuo,  will  give  magnetic  properties  approaching  very 
closely  to  those  obtainable  with  electrolytic  iron.  There  are  a  number 
of  commercial  grades  of  iron  coming  within  these  specifications,  that 
are  obtainable  at  the  present  time. 

The  writer  fully  realizes  the  difficulties  that  have  to  be  overcome, 
before  the  vacuum  iron  can  be  used  in  the  industries  in  competition 
with  the  materials  available  at  the  present  time.  Suggestions  have, 
nevertheless,  already  come  from  several  sources  for  its  employment  in 
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places,  where  its  high  cost  of  production  is  not  of  vital  importance, 
and  there  is  no  doubt  but  that  its  usefulness  in  limited  fields  will  in- 
crease as  time  goes  on.  However,  the  writer  would  like  to  suggest 
that  the  results  here  given  be  partly  considered  as  a  new  indication 
of  the  possibilities  obtainable  in  the  realm  of  magnetic  properties, 
rather  than  as  the  final  word  regarding  certain  properties  of  iron- 
silicon  alloys,  that  can  be  turned  into  commercial  use  at  the  present 
time. 

VII.     Appendix. 

Results  obtained  with  Ring  Specimens. 

In  view  of  the  unprecedented  results  obtained  with  regard  to  the 
magnetic  properties  of  the  alloys  described  in  this  bulletin,  it  was 
deemed  desirable  to  test  a  few  alloys  in  the  form  of  rings.  As  the 
ring  method  is  the  old  established  method  of  magnetic  testing,  and  as 
this  method  requires  no  compensating  or  other  auxiliary  windings  to 
cause  uncertainties,  the  evidence  obtained  with  such  testpieces  would 
naturally  be  more  convincing  than  results  obtained  by  any  other 
method.  On  the  other  hand,  it  has  been  shown  by  Richter*  and 
Lloydf  that  the  magnetic  induction  in  a  ring  specimen  is  not  uni- 
formly distributed,  but  that  it  is  crowded  towards  the  inside  of  the 
ring.  The  variation  is  greatest  near  the  steepest  part  of  the  mag- 
netization curve,  where  the  maximum  permeability  occurs,  and  may 
here  amount  to  as  much  as  100  per  cent  for  high  permeability  mate- 
rial. Consequently  it  is  impossible  with  ring  specimens  to  measure 
the  maximum  permeability,  and  this  should  be  borne  in  mind  when 
comparing  the  results  obtained  by  the  two  methods. 

The  dimensions  of  the  rings  used  are  shown  in  Fig.  40. 


Fig.  40.    King  Specimen, 


*Electrotech.  Zetischr.  Vol.  24,  p.   710;     1903. 

fBull.  Bureau  of   Standards,  Vol.   5,  No.   3,   Reprint  No.    108,    1909. 
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With  these  dimensions  the  true  magnetizing  force,  as  shown  by 
Lloyd  and  Richter  is 

2NI 

H0  =  1.0009 

10Ro 

Where  R0  =  mean  radius  =  2.0  cm. 

N  =  total  number  of  turns  =  100 

I  =  magnetizing  current  in  amperes 

Hence  by  using  H0  =  10  I 

the  error  introduced  is  less  than  0.1  per  cent. 

The  secondary  winding  consisted  of  100  turns  of  No.  30  B  &  S 
wire  wound  next  to  the  ring  and  connected  directly  to  the  Grassot 
fluxmeter.    With  this  arrangement 

A  B  =  400  D 
where  A  B  =  change  of  average  flux  density  in  ring  in  gausses 
D  =  deflection  of  fluxmeter. 

Three  rings  were  prepared  all  containing  approximately  3  per  cent 
silicon.  From  No.  3Si39,  one  ring  was  machined  directly  out  of  the 
ingot  as  it  came  from  the  melting  furnace,  while  another  was  made 
from  the  remainder  of  the  ingot  after  forging  it.  The  latter  was  im- 
perfect, however,  and  was  discarded.  The  third  ring  was  made  from 
No.  3Si40  after  forging  the  ingot,  and  the  remainder  of  the  latter 
was  then  forged  into  a  rod  to  be  tested  by  the  Burrows  method. 

The  specimens  were  first  tested  in  the  original  state,  unannealed. 
The  windings  were  then  removed  and  the  rings  and  the  rod  placed 
in  the  annealing  furnace  and  annealed  in  vacuo,  the  rod  occupying 
the  space  along  the  axis  of  the  tube.  The  maximum  temperature  to 
which  the  rod  was  subjected  was  1100°  C,  but  the  rings  were  heated 
to  a  somewhat  higher  temperature  as  they  occupied  a  space  nearer 
the  heating  element,  their  axes  coinciding  with  that  of  the  rod.  The 
specimens  were  cooled  at  the  standard  rate,  namely  30°  C  per  hour. 

The  results  are  shown  in  Table  13.  In  this  table  is  included  the 
results  for  rod  No.  3Si25  from  the  main  part  of  the  investigation. 

With  regard  to  permeability  the  results  show  that  in  the  unan- 
nealed state  the  two  methods  of  testing  agree  very  well.  In  the  an- 
nealed state,  however,  the  maximum  permeability  obtained  for  3Si40 
by  the  Burrows  method  is  twice  that  obtained  by  the  ring  method. 
The  latter  method,  however,  as  has  been  stated  above,  does  not  measure 
the  maximum  permeability,  on  account  of  the  nonuniformity  of  the 
flux  distribution,  and  in  view  of  the  results  shown  in  Table  5,  it  is 
probable  that  the  Burrows  method  gives  too  high  a  maximum  perme- 


YENSEN — PROPERTIES   OF   IRON-SILICON   ALLOYS  6.") 

ability.  Making  allowance  for  possible  differences  due  to  material 
and  heat  treatment,  as  well  as  mechanical  treatment,  it  seems  proba- 
ble from  these  results  that  the  true  maximum  permeability  is  in  the 
neighborhood  of  50,000.  That  the  permeability  for  B  =  15,000  is  so 
low  for  the  ring  specimens  must  be  due  to  the  fact  that  the  rings 
were  annealed  at  a  higher  temperature  than  was  the  rod.  It  was 
shown  in  Figs.  17  and  18,  that  with  a  silicon  content  of  3  per  cent 
for  H  =  20  the  flux  density  after  annealing  at  900°  was  16,000,  while 
after  annealing  at  1100°  it  was  only  15,600.  A  corresponding  decrease 
in  this  region  may  consequently  be  expected  also  for  higher  annealing 
temperatures.  This  point  is  further  borne  out  by  the  results  obtained 
with  the  ring  made  from  the  ingot  3Si39  without  forging.  This  ring 
may  be  considered  as  having  been  annealed  at  the  melting  point  of 
the  alloy.  Its  permeability  at  B  =  15,000  is  only  583  as  compared 
with  962  for  the  ring  made  from  3Si40  after  forging. 

Turning  now  to  the  hysteresis  loss  it  is  found  that  in  the  unan- 
nealed  state  the  loss  in  ring  No.  3Si40  is  less  than  half  the  loss  in  the 
rod.  As  the  two  methods  are  known  to  be  equally  reliable  in  this 
case  the  difference  must  be  attributed  to  the  fact  that  the  rod  was 
forged  much  more  than  was  the  ring.  That  this  is  the  cause  becomes 
evident  from  the  result  obtained  for  ring  No.  3Si39  that  was  not 
forged  at  all,  as  this  shows  a  decidedly  lower  hysteresis  loss  even  than 
ring  No.  3Si40.  After  annealing,  the  loss  for  B  =  10,000  is  found 
to  be  less  for  the  rod  than  for  the  ring,  while  for  B  ==  15,000  the  re- 
verse is  the  case.  The  coercive  force  for  B  =  15,000  is  60  per  cent 
larger  for  the  rod  than  for  the  ring,  while  the  retentivity  is  also  lower 
for  the  ring. 

These  results  seem  to  point  towards  the  following  conclusions :  For 
such  high  quality  material  as  that  described  in  this  bulletin  the  Bur- 
rows method  gives  too  high  maximum  permeability  and  too  high  re- 
tentivity. For  low  densities  the  hysteresis  loss  obtained  is  low,  while 
for  medium  and  high  densities  the  coercive  force  and  consequently 
also  the  hysteresis  loss  is  too  high. 

While  these  rings  were  prepared  for  the  purpose  of  verifying  the 
results  given  in  the  main  part  of  the  bulletin,  the  results  can  not  be 
dismissed  without  calling  especial  attention  to  the  results  obtained 
with  the  ring  made  from  the  ingot  No.  3Si39  without  forging.  Un- 
annealed  this  ring  has  a  retentivity  of  only  1000  and  the  hysteresis 
loss  for  B  =  15,000  is  only  1130  ergs  per  cc  per  cycle,  not  much  above 
the  value  found  for  the  best  rod  after  annealing  at  1100°  C.     After 
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annealing  the  ring  at  1100°  the  hysteresis  loss  for  B  =  15,000  drops 
to  577  ergs.  This  value  is  less  than  %  of  the  corresponding  value  for 
the  commercial  4  per  cent  silicon  steel.  The  low  hysteresis  loss  for 
this  ring  shows  the  advantage,  as  far  as  this  characteristic  is  con- 
cerned, of  annealing  at  as  high  a  temperature  as  possible,  as  this  ring 
may  be  considered  as  having  been  annealed  at  the  melting  point  of 
the  alloy.  On  the  other  hand,  the  results  also  show  that  the  perme- 
ability for  high  magnetizing  forces  decreases  with  increasing  annealing 
temperatures.  That  this  is  the  case  for  temperatures  between  900° 
and  1100°  C  has  previously  been  established.  That  it  is  equally  true 
for  temperatures  above  1100°  C  is  now  indicated  by  the  results  ob- 
tained for  this  ring. 
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*  Bulletin  No.  81.  Influence  of  Temperature  on  the  Strength  of  Concrete,  by  A.  B. 
McDaniel.     1915.     Fifteen  cents. 

*Bulletin  No.  82.  Laboratory  Tests  of  a  Consolidation  Locomotive,  by  E.  C.  Schmidt, 
J.  M.   Snodgrass,   and  R.   B.  Keller.      1915.     Sixty-five  cents. 

*Bulletin  No.  83.  Magnetic  and  Other  Properties  of  Iron-Silicon  Alloys  Melted  in 
Vacuo,  by  Trygve  D.  Yensen.      1915.     Sixty-five  cents. 


*A  limited  number  of  copies  of  those  bulletins  which  are  starred  are  available  for  free 
distribution. 
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